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 An increasing number of treatment plants are required to remove nutrients from domestic 
wastewater to lessen the impact of nutrient loading to water bodies. Enhanced Biological 
Phosphorus Removal (EBPR) is one of the processes commonly used to remove phosphorus 
from domestic wastewater. The presence of an adequate quantity of volatile fatty acids (VFA) in 
the wastewater influent to EBPR is important for process efficiency and stability. The objective 
of this research was to investigate the production of VFAs through fermentation of sludge in 
primary clarifiers as it related to improving nutrient removal, primarily targeting phosphorus.  
 The research tested, in full-scale, the production of VFAs at different solids retention 
times measured by the depth of sludge blanket in primary clarifiers. Three ranges of sludge 
blanket depths (< 0.9 m, 0.9 m – 1.5 m, and > 1.5 m) were used to investigate the production of 
VFAs. Results showed that larger sludge blanket depths led to higher concentrations and greater 
productions of VFAs. The speciation of VFAs was also measured. As the sludge blanket depth 
increased from < 0.9 m to > 1.5 m, acetic acid and butanoic acid concentrations and productions 
increased, while propionic acid concentrations and productions had an inverse relationship with 
sludge blanket depth.  
Overall, the results confirmed that operating primary clarifiers at higher sludge blanket 
depths can increase the VFA concentration. In addition, the results indicated that higher sludge 
blankets may reduce the propionic acid fraction of the total VFA matrix. These results as applied 
to the wastewater treatment plant where this study occurred, demonstrated that larger sludge 
blanket depths would not provide sufficient benefits to justify the operation at a higher sludge 
blanket depth due to the marginal increase in VFA/TP ratio and significant reduction in primary 
clarifier performance.  
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Chapter 1: Introduction 
According to the United States Environmental Protection Agency (U.S. EPA, 2015), one 
of the primary causes of water quality degradation in the United States is nutrient pollution. This 
pollution results from introducing excess concentrations of phosphorus (P) and nitrogen (N) into 
water supplies. When nutrients are delivered in high concentrations, there is potential for 
eutrophication to take place where algae, also referred to as phytoplankton, and other aquatic 
biomass growth can lead to harmful effects on the aquatic environment (U.S. EPA, 2015). 
Eutrophication, as defined by the Organization for Economic Cooperation and Development, is: 
The nutrient enrichment of water which results in stimulation of an array of symptomatic  
changes among which are increased production of algae and macrophytes, deterioration  
of fisheries, deterioration of water quality, and other symptomatic changes that are found  
to be undesirable and interfere with water use. (Du, 1996) 
There are many public health concerns associated with eutrophication of aquatic 
environments that not only affect the organisms living in the environments, but can also affect 
other populations who rely on that source of water for recreation and drinking. The various 
concerns arising from eutrophication include the following: introducing new species; reducing 
the amount of dissolved oxygen available; altering the water’s color and producing an odor; 
impacting water treatment plants; and generating harmful toxins.  
In order to protect water quality and the public’s health, regulations are in place to control 
the amount of nutrients discharged into lakes and rivers from municipal wastewater treatment 
plants (WWTPs), which are contributors of point source nutrient loads to aquatic environments. 
These regulations vary from state to state, but there is currently a trend in the industry where the 
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regulations are becoming increasingly stringent and requiring WWTPs to meet lower nutrient 
concentrations in their effluent. These more stringent regulations pose a challenge to many 
WWTPs because their current infrastructure cannot meet the new effluent limits. As a result, 
many WWTPs are looking at alternative methods to improve their nutrient removal processes 
without having to invest a significant amount of money in designing and constructing new 
treatment processes.  
The objective of this study was to investigate the production of volatile fatty acids 
(VFAs) through fermentation of sludge in primary clarifiers at a WWTP in southern Nevada. 
The primary clarifier sludge blankets were varied in incremental amounts over the testing period 
and samples were taken to measure the resulting VFA concentrations produced. VFAs are 
essential for biological nutrient removal within a WWTP. By producing VFAs within existing 
infrastructure, WWTPs are presented with an opportunity to improve their nutrient removal 
performance that can help meet the regulatory requirements. The findings from this study 
identify how VFA production is changed within primary clarifiers when sludge blankets are 
increased and decreased. This information can be used as a guideline by other WWTPs that may 




Chapter 2: Background and Significance 
 The following sections discuss in detail why nutrients pose issues in water supplies and 
how nutrients have impacted and are now regulated in southern Nevada. The various methods, 
including both commonplace practices as well as some emerging processes, in which nutrients 
are removed from wastewater are also presented. 
 
2.1 Nutrients in Water Supplies 
 Within water supplies, excess nutrient loading can have many negative consequences. 
These consequences, primarily attributed to algal growth caused by eutrophication, along with 
their public health impacts and the nutrient regulations in place at the location of this study are 
all discussed below. 
 
2.1.1 Eutrophication 
 Phosphorus and nitrogen are nutrients that are essential for the growth of algae and other 
aquatic plants (U.S. EPA, 2015). Phosphorus is a component of the deoxyribonucleic acid 
(DNA) and ribonucleic acid (RNA) chains as well as the nucleotides, which all have a role in 
cell-building and energy metabolism (Conley et al., 2009; Du, 1996). Nitrogen is primarily used 
for protein synthesis within algae (Conley et al., 2009). Algae are able to use nitrogen in its many 
forms such as ammonia (NH3), nitrite (NO2-), nitrate (NO3-), organic nitrogen, and even nitrogen 
gas (N2). As for the forms of phosphorus, algae typically use soluble orthophosphate (PO43-) 
(Salameh & Harahsheh, 2011).  
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Photosynthesis occurs when these nutrients are combined with chlorophyll, carbon 
dioxide, and sunlight, ultimately producing biomass and oxygen (Salameh & Harahsheh, 2011). 
If large quantities of these nutrients are delivered to aquatic bodies, excessive biomass growth 
may occur leading to eutrophication. Eutrophication is both naturally occurring as well as caused 
by anthropogenic sources. Natural eutrophication occurs as water runoff transports silt and 
sediment containing organic nutrients from the surroundings to a water supply. This type of 
runoff is typically considered a nonpoint source of nutrients. Human actions also provide an 
additional nutrient load to water bodies. The main contributors of this additional load are point 
sources such as agricultural and industrial facilities as well as sewage from septic and wastewater 
treatment systems. The aerobic bacteria present in the water use these nutrients for growth. As 
the level of nutrients builds up over time, the dissolved oxygen available in the water supply is 
reduced and anaerobic bacteria start to takeover. If measures are not taken to reduce nutrient 
loading to water supplies, this can start the lengthy process in which lakes are transformed to 
marshes, meadows, and eventually forests over thousands of years (Salameh & Harahsheh, 
2011). 
 The increase in eutrophication and nutrient loading to aquatic environments closely 
follows the shift from rural and agricultural societies to more urban and industrial societies 
across the twentieth century as shown in Figure 1. As societies became more urban and relied 
more heavily on industries, nutrient production increased. When the side effects of nutrient 
pollution became evident, this sparked communities to take action and protect their water 
supplies. In the 1950s, communities began to build WWTPs that primarily targeted the removal 
of organic material along with some pathogens. In the 1960s, WWTPs received upgrades that 
began to remove phosphorus along with additional pathogens. While phosphorus inputs to water 
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sources have declined due to improved treatment processes, eutrophication has not declined to 
the same extent because algal growth can still occur as long as nutrient loads are above threshold 
levels. In the case of phosphorus, algal growth is still possible if total phosphorus concentrations 
are as low as 0.03 milligrams per liter (mg/L) (Wetzel, 1983). Nitrogen has not yet seen a 
significant decline, however increasingly stringent nitrogen limits are being introduced in some 
areas. 
               
 





While increasing nutrients loads are often associated with algal growth, the specific 
response depends on the type of nutrients supplied, environmental conditions, and the organisms 
present in the water. For instance, lakes are more likely to show a clear dose-response 
relationship between nutrients and algal growth than marine environments (Heisler et al., 2008). 
Furthermore, increased nutrient loads are not the only trigger that can cause a water source to 
undergo eutrophication. There are several physical conditions that can also lead to 
eutrophication. Solar radiation, temperature, and thermal stratification can all increase biomass 
and algae growth within water. Due to these conditions, eutrophication most commonly occurs in 
the summer months as days grow longer and there is more light exposure resulting in higher 
temperatures (Salameh & Harahsheh, 2011). 
 In 1948, the Federal Water Pollution Control Act was passed in the United States and 
marked the first piece of major legislation to help prevent water pollution. Amendments to the 
Federal Water Pollution Control Act followed, with the amendment in 1972 focusing on 
implementing measures to help prevent nutrient pollution. It was also in 1972 that this law 
became known as the Clean Water Act (EPA, 2016). As part of the Clean Water Act, states and 
other parties are responsible for providing measures to protect water supplies. For this reason, 
nitrogen and phosphorus limitations were established to prevent nutrient pollution of 
downstream water supplies (U.S. EPA, 2015).  
It is generally assumed that marine waters are nitrogen-limited and freshwaters are 
phosphorus-limited (Salameh & Harahsheh, 2011; U.S. EPA, 2015). When measures are put in 
place to control the limiting nutrient, the idea is that algae and biomass growth is limited, thus 
preventing eutrophication. Many pollution prevention strategies focus on controlling 
concentrations of the single limiting nutrient based on the assumptions noted above. However, 
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literature has shown that there are exceptions to the assumptions, so it is important to evaluate 
each aquatic environment and develop nutrient pollution prevention measures specific to the 
water quality characteristics (U.S. EPA, 2015). 
 In general, reducing nutrient loads, particularly those from WWTPs, has shown great 
success in preventing algal growth. Lake Washington and Lake Erie are perfect examples of this. 
Outside of Seattle, Lake Washington experienced harmful cyanobacteria blooms from the 1920s 
to the 1960s due to raw sewage entering the lake. In 1968, these raw sewage inputs were 
eliminated, causing the algal blooms to go away. In a similar fashion, Lake Erie experienced 
algal blooms all along the western basin. The 1980s brought the ban of phosphates in detergents 
as well as improvements made to the WWTPs that helped end the algal blooms in the lake 
(Heisler et al., 2008). While Lake Washington and Lake Erie are prime examples of how algal 
blooms can be cleared up by reducing nutrient loads, the consensus is that maintaining these 
preventative measures to help avoid algal blooms is a more desirable approach than trying to 
clean up algal blooms.  
 
2.1.2 Public Health Concerns  
An obvious consequence of eutrophication in water bodies is the change in water color 
from blue to a noxious green. However, that is not the only side effect resulting from 
eutrophication. As alluded to earlier, there are many public health concerns associated with 
eutrophication beyond the green water. These concerns are presented below. 
 Introduction of new species: Within the aquatic environment, the imbalance of 
nutrients can lead to shifts in the species of organisms inhabiting the environment. 
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This often results in the introduction of invasive species that compete with the 
organisms originally inhabiting the environment (Salameh & Harahsheh, 2011).  
 Reduction of dissolved oxygen: Eutrophication also reduces the amount of dissolved 
oxygen available in the water supply. As algae grow, photosynthesis occurs during 
the day and the algae release oxygen into the water supply. This initially helps 
provide plenty of oxygen for living organisms in the aquatic environment. However, 
eventually the quantity of algae in the water is so great that the algal blooms prevent 
sunlight from entering the lake at depth, which negatively affects the other living 
organisms in the environment. Ultimately, the algae die and are consumed by bacteria 
that tend to use up the majority of the oxygen available in the water during this 
process. As a result, fish and other marine organisms living in the water do not have 
enough oxygen to survive, consequently leading to their death (Salameh & 
Harahsheh, 2011). 
 Water surface color and odor: When waters are densely populated with algae, the 
recreational use of waters are impaired. Not only does eutrophication change the 
appearance of the water, it also can produce strong odors that deter people from the 
water (Salameh & Harahsheh, 2011). 
 Impacts to water treatment plants: Water treatment plants also experience side effects 
of algal blooms. As water containing algae comes into the water treatment plant, the 
algae can impact the filtration process by reducing the filter run time and requiring 
more frequent backwashes. The water may also have higher taste and odor problems 
that require additional treatment. If this additional treatment is unavailable, the 
potable water produced at the water treatment plant will be of lower quality. The 
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presence of algae increases the overall cost of water treatment for these reasons. 
Additionally, algae can release organic compounds that serve as precursors to 
haloacetic acids (HAAs) and trihalomethanes (THMs). HAAs and THMs are 
regulated carcinogenic disinfection by-products and are produced when organic 
compounds react with chlorine (Salameh & Harahsheh, 2011). 
 Toxin production: Certain species of algae produce toxins during algal bloom events. 
One of the most common species of algae that releases harmful toxins is blue-green 
algae, also known as cyanobacteria. These cyanobacterial toxins, or cyanotoxins as 
they are known, pose a significant threat to both animal and human health (Chorus & 
Bartram, 1999). The toxins can cause death in the organisms living in the water as 
well as cause harm to humans if direct contact is made. It is also possible that 
organisms exposed to the toxins can transfer the toxins up the food chain (Salameh & 
Harahsheh, 2011). 
If humans are exposed to cyanotoxins and experience symptoms resulting from said 
exposure, those people are said to have a water-related disease. Water-related diseases are 
classified into four main groups: waterborne disease, water hygiene disease, water contact 
disease, and water habitat vector disease. Waterborne diseases are caused by drinking 
contaminated water while water hygiene diseases are the result of using contaminated water for 
hygiene purposes, typically resulting in the fecal-oral transmission of disease. Water contact 
diseases are due to skin contact with contaminated water and water habitat vector diseases are 
transmitted by insect vectors that spend part of their lives near an aquatic environment. 
Cyanotoxins fall into two of the four water-related disease categories: waterborne and water 
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contact. If ingested, the cyanotoxins may cause disease. Disease may also result if skin contact is 
made with the toxins through recreational exposure (Chorus & Bartram, 1999). 
The illnesses resulting from exposure to cyanotoxins have been reported to target both 
the hepatic and gastrointestinal systems. Cyanotoxins are released into the water as the algae 
breakdown, either naturally or through induced cell lysis caused by adding copper sulfate to the 
water. One of the largest outbreaks of cyanotoxins occurred in 1988 due to flooding at the Luiz 
Gonzaga Dam (formerly Itaparica Dam) that provides drinking water to a community in Brazil. 
Nearly 2,000 cases of gastroenteritis developed as a result of this algal bloom, ultimately leading 
to the deaths of 88 people, most of which were children. While instances of acute exposure are 
critical and may lead to death, long-term exposure to cyanotoxins may also be a concern. 
Preliminary experiments have shown that long-term exposure to cyanotoxins may lead to chronic 
liver injury, tumor growth, and cancer (Chorus & Bartram, 1999). 
 
2.1.3 Lake Mead 
 This study takes place at a WWTP in southern Nevada that ultimately discharges its 
effluent into the Las Vegas Wash (Wash), a tributary to Lake Mead. For that reason, it is 
important to understand the characteristics of the lake as well as significant historical water 
quality events that affected the lake.  
Lake Mead is located in southern Nevada and is a part of the Colorado River system. The 
lake is approximately 3.7 million hectare-meters (30 million acre-feet) and it provides the 
majority of the drinking water for the Las Vegas valley as well as serves as a recreational area 
for fishing, boating, and other water activities (Du, 1996). The WWTPs in Las Vegas all 
discharge effluent to the Wash. There are four WWTPs in Las Vegas operated by the following 
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agencies: City of Las Vegas (CLV); City of North Las Vegas (CNLV); City of Henderson 
(COH); and Clark County Water Reclamation District (CCWRD). The Wash ultimately 
transports these flows to Lake Mead where the flows enter the lake through an area known as 
Las Vegas Bay. Along with the wastewater effluent flows, the Wash also delivers stormwater, 
shallow groundwater discharges, and other point source discharges to the Las Vegas Bay as 
reported by the Nevada Division of Environmental Protection (2003). Figure 2 below shows the 
locations of the WWTPs as well as the path the above-mentioned flows take through the Wash to 
reach Lake Mead. 
 
 










A study performed on Lake Mead showed that the algal growth rates and biomass content 
of the Las Vegas Bay is phosphorus-limited. Additional evaluations found that as both nitrogen 
and phosphorus concentrations were significantly increased, both the algal growth rates and 
biomass content also increased (Du, 1996). This confirms that Lake Mead behaves according to 
the general idea that larger nutrient loads fuel algal and plant growth within the lake. 
In 1989, efforts were taken to implement controls on the amount of nutrients that could 
be discharged into Lake Mead as an effort to improve overall water quality. In 1994 and 1995, 
Total Maximum Daily Loads (TMDLs) of phosphorus and ammonia went into effect, 
respectively (Nevada Division of Environmental Protection, 2003). The TMDLs limited the daily 
discharge of phosphorus to 197 kilograms (kg) [434 pounds [lbs]) and ammonia to 440 kg (970 
lbs). These loads were distributed amongst the WWTPs that discharge effluent into the Wash via 
National Pollutant Discharge Elimination Systems (NPDES) permits. For the phosphorus 
TMDL, an approximated allotment of 45 kg (100 lbs)  per day for additional phosphorus loads 
from nonpoint discharges was included in the load distribution amongst the WWTPs (Nevada 
Division of Environmental Protection, 2003). 
As previously noted, there are currently four WWTPs in Las Vegas. The WWTP 
operated by the CNLV is the newest facility in the valley having opened in 2011. When this 
WWTP came online, the original TMDLs from the 1990s were redistributed to account for the 
now four WWTP effluent flows discharged into the Wash. The current TMDLs for each WWTP 




Table 1. TMDLs for Las Vegas WWTPs. 
















Total: 152 kg/day 
(334 lbs/day) 
 
45 kg/day (100 
lbs/day) for nonpoint 
sources 
 













Total: 440 kg/day 
(970 lbs/day) 
 




The purpose of establishing the TMDLs is to help prevent algal blooms from occurring in 
Lake Mead. In 2001, Lake Mead experienced the largest algal bloom in its history, caused by 
Pyramiclyamys disecta and shown in Error! Reference source not found..Although the TMDL 
regulations were in place at the time of the bloom, the regulations were not enough to prevent the 
algae from growing. As a result of this outbreak, the Algae Task Force prepared an investigation 
and created a list of factors that may have led to this bloom. Their investigation presented the 
following findings and potential causes for the algal bloom (Nevada Division of Environmental 
Protection, 2003): 
 Rain: Significant rain events in the early months of 2001 could have increased the 
load of nutrients to Lake Mead through larger than normal stormwater runoff flows. 
 Low water elevation: Low water elevations in Lake Mead and at the delta where the 
Wash meets Las Vegas Bay may have caused changes in the way water transported 
through the Wash enters the lake. Typically, the water from the Wash enters Las 
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Vegas Bay as a negatively buoyant plume where the water sinks to lower elevations 
of the lake, bringing the sediment and nutrient loads it carries with it. However, due 
to low water elevations in the delta, the water in the Wash may have been warmer 
than normal, making the water more buoyant. This may have caused the water to 
enter the lake as a buoyant plume where the nutrient rich water stayed near the 
surface and received more sunlight exposure, possibly leading to significant algal 
growth. 
 Phosphorus in sediment: The sediment in the delta may have also had high 
phosphorus levels. It is possible for the sediment to release phosphorus concentrations 
into the water supply so that it becomes available for algae to use. 
 Phosphorus TMDL: The TMDLs for phosphorus are only regulated from March 
through October. During the rest of the year, high phosphorus loads may have been 
delivered to Lake Mead via a buoyant plume. This would have provided high 














2.2 Nutrient Removal Practices 
 While both nitrogen and phosphorus removal within the wastewater treatment process are 
important to maintain good effluent water quality, the focus of this discussion will be on 
phosphorus removal since Lake Mead is phosphorus-limited. Additionally, the phosphorus 
TMDL regulations in place in southern Nevada are more stringent and challenging to meet 
compared to the nitrogen regulations. 
Before describing the typical practices in which phosphorus is removed in WWTPs, it is 
important to provide a general understanding of the common wastewater treatment processes. 
Figure 4 presents a basic WWTP process flow diagram. Wastewater influent collected from 
across a city is brought to the headworks of the WWTP. The headworks is the first step of the 
primary treatment component of the process and typically consists of screens or bar racks that 
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are designed to remove larger solids from the influent stream. Following the screening, the 
influent enters primary treatment which is typically accomplished by sedimentation. In the 
primary sedimentation process, the sludge collected from the sedimentation tank or primary 
clarifier is pumped out of the clarifier and typically sent to a separate solids thickening and 
dewatering process.  
After primary treatment, the wastewater enters the secondary treatment process that 
introduces biological methods to help remove organics and nutrients from the wastewater. This 
step is often times called biological nutrient removal (BNR). The secondary treatment process 
typically consists of an aeration tank or basin where wastewater travels through various 
bioreactors that alternate aerated and unaerated conditions along with mixing. There are many 
variations of the BNR process depending on whether the WWTP is trying to target phosphorus, 
nitrogen, or both phosphorus and nitrogen, however the ultimate goal is for bacteria within the 
tank to remove the nutrients. A secondary clarifier follows this tank in order to allow suspended 
solids (mixed liquor) to settle out. This mixed liquor is either wasted and sent to the solids 
handling process or returned to the secondary treatment process in order to maintain the target 
solids retention time (SRT). The portion of mixed liquor that is wasted is called waste activated 
sludge (WAS) and the portion of mixed liquor that is returned is called return activated sludge 
(RAS). 
Depending on the level of treatment required at the WWTP, effluent from the secondary 
treatment process may enter a third phase of treatment. This final step is called tertiary treatment 
and it introduces a method of filtration and disinfection to the water. The disinfection method can 
be chlorination, ultraviolet disinfection, ozone, or several other processes depending on how 
advanced the method of disinfection needs to be. Following disinfection, the final effluent is 
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discharged to rivers, lakes, or other locations where the WWTPs are permitted to send their 
effluent. In some cases, WWTP effluent is even reused. 
Figure 4. Typical WWTP Process Flow Diagram. 
Typical WWTPs within the United States have an influent total phosphorus concentration 
between 6 to 10 mg/L. A WWTP with conventional primary and secondary treatment processes 
























produced biomass. This concentration is still quite large and can exceed regulatory limits, so 
most WWTPs are required to provide additional measures for phosphorus removal (Rittmann & 
McCarty, 2001). To increase the phosphorus removal within the biological process, other 
measures can be implemented such as phosphorus precipitation with chemical addition and 
enhanced biological phosphorus removal (EBPR). 
 
2.2.1 Phosphorus Removal by Biomass Uptake 
 In the BNR process, the mixed liquor generated contains a small amount of phosphorus 
in it. The mixed liquor, or biomass, has a chemical formula of C5H7O2NP0.1. When calculated on 
a mass basis, this means that approximately 2 – 3% of the sludge is made up of phosphorus. The 
total amount of phosphorus removed in the process is related to the mass rate of sludge wasted as 
well as many other factors as shown in Equation 1 below (Rittmann & McCarty, 2001). 
 
 
Equation 1. Phosphorus Removal. 





The equation consists of many different variables, each contributing to the overall 
performance of the process. Brief descriptions of the variables are discussed below; however, the 
main takeaway from this equation is that as the SRT is increased and the biochemical oxygen 
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demand (BOD) removal is decreased, phosphorus removal is negatively impacted (Rittmann & 
McCarty, 2001). 
 Pf = Final phosphorus concentration 
 P0 = Initial phosphorus concentration 
 Y = Yield, the proportion of biomass electrons produced from electron donor 
electrons during synthesis  
 fd = The biodegradable fraction of the new biomass 
 b = Endogenous decay rate 
 = SRT, the length of time solids are held in a tank or basin 
 ΔBODL = The change in biochemical oxygen demand between the inflow and 
outflow 
Although biological treatment does remove some phosphorus in the process, the amount 
of phosphorus removed is often times not great enough to meet regulatory values. This is 
especially true when WWTPs require both nitrogen and phosphorus removal because nitrogen 
removal requires much longer SRTs than phosphorus removal. This in turn negatively impacts 
the amount of phosphorus removed as discussed above (Rittmann & McCarty, 2001). Therefore, 
in order for WWTPs to remove phosphorus to sufficient levels, additional treatment measures are 
needed. 
 
2.2.2 Phosphorus Precipitation by Chemical Addition 
 Within the environmental conditions present during biological treatment, aluminum and 
ferric cations are able to combine with the available orthophosphate to form aluminum phosphate 
(AlPO4) and iron phosphate (FePO4) precipitates. Aluminum and iron metal-salts can be added to 
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the wastewater in several locations within the process such as in the influent as it goes through 
primary treatment, in the secondary treatment aeration basins, or prior to the wastewater entering 
the secondary clarifiers (Rittmann & McCarty, 2001). Adding the metal-salts to the wastewater 
produces large quantities of sludge that need to be wasted. For example, for every gram of 
phosphorus removed, 3.9 grams of AlPO4 or 4.9 grams of FePO4 sludge is formed (Rittmann & 
McCarty, 2001). 
 While it may seem like adding chemicals to wastewater is a great solution to removing 
phosphorus, there are some inherent challenges (Rittmann & McCarty, 2001).  
 Phosphate will form competing complexes with calcium (CaHPO4), magnesium 
(MgHPO4), and an additional variation with iron (FeHPO4+). 
 The added aluminum and iron can form competing complexes, reducing the amount 
of metal available to combine with phosphate. 
 All phosphorus in wastewater is not necessarily in the orthophosphate form. Some 
phosphorus could be part of organic compounds that cannot react and be removed by 
metal-salts. 
 The environmental conditions may also be a limiting factor if they do not provide the 
optimal pH for precipitation. The pH cannot be adjusted in either direction too much 
as it could harm the microorganisms in the water. 




2.2.3 Enhanced Biological Phosphorus Removal 
 Another alternative for phosphorus removal is the EBPR process. The main concept of 
EBPR is to provide an environment where specific types of heterotrophic bacteria are able to 
thrive and sequester high concentrations of phosphorus present in the wastewater. These bacteria 
consume phosphorus as intracellular polyphosphate (poly-P) that they use for energy storage. 
Then, when the bacteria are wasted, the phosphorus is wasted with them. Successfully 
implementing an EBPR process is capable of increasing the natural biomass uptake by two to 
five times (Rittmann & McCarty, 2001). 
Figure 5 provides a summary of the main components involved in an EBPR system. In 
general, EBPR operates by feeding wastewater through a series of anaerobic and aerobic cycles.  
Phosphorus accumulating organisms (PAOs) absorb VFAs, otherwise known as carbon sources, 
during the anaerobic phase and release orthophosphate into the treatment stream. In the aerobic 
phase, the PAOs are able to take in even higher levels of phosphorus from the wastewater. The 
PAOs store this phosphorus as polyphosphate, which is ultimately removed from the system in 




Figure 5. EBPR Process Flow Diagram. 
While the overall concept of EBPR seems fairly straightforward, there are many complex 
reactions taking place in each phase of the process. The first step mixes influent with the 
recycled activated sludge prior to entering an anaerobic reactor. There are no electron acceptors 
available in the anaerobic reactor so BOD oxidation is prevented. Hydrolysis of poly-P occurs 
within the bacteria releasing both energy, in the form of adenosine triphosphate (ATP), as well as 
phosphate. The phosphate is sent back in to the wastewater, while the energy created is used up 
as PAOs take in VFAs and convert the VFAs to an activated chemical form known as acetyl 
coenzyme A (HSCoA). This coenzyme is used to polymerize polyhydroxyalkanoate (PHA), or 
polyhydroxybutyrate (PHB) as shown in Figure 6 during anaerobic phase. PHB is one of the 
most common forms of PHAs that plays an integral role in the next step of EBPR (Chuang et al., 
2011; Rittmann & McCarty, 2001).  
Part a in Figure 6 shows this sequence of events occurring in the anaerobic reactor. 
Acetate is the most common forms of VFAs taken up by PAOs in the anaerobic step of EBPR. It 
is produced by the fermentation of dissolved degraded organic materials. The PAOs are able to 











phase, the concentration of orthophosphate within the reactor significantly increases, sometimes 
up to concentrations of 40 mg/L. This is normal for the EBPR process as it indicates that the 
PAOs are doing their job and partaking in phosphorus release. The orthophosphate concentration 
will go back down to below the influent concentration during the aerobic phase (Metcalf & 
Eddy, 2003).  
 
 





Following the anaerobic reactor is the aerobic reactor where phosphorus uptake occurs. 
Aeration supplies oxygen, which serves as the electron acceptor that allows the bacteria to grow. 
As shown in part b of Figure 6, the simplified metabolic pathway occurring within the main 
reactor is nearly the opposite of those shown for the anaerobic reactor. PHA is now hydrolyzed 
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to HSCoA, which is incorporated in the TCA cycle, otherwise known as the Krebs cycle, to 
produce energy in the form of ATP. The PAOs take in phosphate from the environment and use 
the available ATP for poly-P synthesis. At this point, large quantities of phosphate have been 
taken up by PAOs, significantly reducing the concentration of phosphorus in the wastewater 
(Rittmann & McCarty, 2001). 
After the aerobic reactor, the mixed liquor enters a clarifier where the sludge is separated 
from the water. The treated water leaves the clarifier as effluent and proceeds on to the next 
process in the WWTP. The sludge in the clarifier is split up with some of the sludge being 
recycled to the head of the EBPR process while the remaining sludge is wasted to remove the 
biomass that has accumulated phosphorus. Recycling of the sludge is important to this process 
because it forces the sludge and bacteria within it to be exposed to alternating anaerobic and 
aerobic conditions. By doing so, the environment creates pressure to select for bacteria that are 
able to remove phosphorus from the wastewater (Rittmann & McCarty, 2001). 
The anaerobic step allows for the consumption of acetate, which is the preferred substrate 
of PAOs. Other bacteria present in the wastewater that do not readily consume acetate will be 
starved and will not survive in the process. The anaerobic phase of the EBPR treatment process 
is often called the “selector” step because it favors the survival of PAOs (Metcalf & Eddy, 2003). 
The typical species of PAOs include those belonging to the following genera: Acinetobacter, 
Pseudomonas, Arthrobacter, Ozotobacter, Beyerinkia, Microlunatus, Aeromonas, Rhodocyclus, 
and many others (Rittmann & McCarty, 2001). 
In addition to having PAOs in the EBPR process, it is also possible to have another form 
of bacteria known as glycogen accumulating organisms (GAOs). GAOs are known to compete 
with PAOs in wastewater, thus negatively affecting EBPR performance. They require VFAs just 
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as the PAOs do; however, the difference is that GAOs use intracellular glycogen rather than 
phosphorus for energy. GAOs will compete with PAOs for the carbon source (VFAs) and 
therefore will decrease the PHA formation and P-release affecting the overall process 
performance (S. A. Begum & Batista, 2012; Machado, 2004; Oehmen et al., 2007). 
 
2.3 Optimization of EBPR Practices 
 Methods for augmenting or optimizing the typical EBPR process have been and continue 
to be investigated. Several practices under inquiry are discussed in this section including: side 
stream EBPR processes, external carbon source addition, and fermentation methods. 
 
2.3.1 Side Stream EBPR 
 
 A novel side stream EBPR process was successfully tested at a large WWTP in Denver, 
Colorado. In order to meet the anticipated future effluent total phosphorus concentration of 0.1 
mg/L and initial interim total phosphorus concentration of 1.0 mg/L, the WWTP had to upgrade 
their secondary treatment process. Two upgrade options were considered. The first option 
considered converting the BNR facility into an EBPR treatment process. This involved 
significant construction and modification to the existing facilities with an estimated capital cost 
of nearly $90 million. Additionally, supplemental carbon would have to be added to two areas: 
the anaerobic zones in order to achieve phosphorus removal and the centrate and return activated 
sludge re-aeration basin (CaRRB) for denitrification. The supplemental carbon addition was 
estimated to cost up to $3 million a year (Carson, 2012). 
The alternative option was to design a side stream process that converted two of the four 
existing CaRRB reactors into anaerobic RAS reactors. The anaerobic RAS reactors would 
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receive both RAS and gravity thickener overflow (GTO) that supply the necessary VFAs for 
uptake in the traditional EBPR process. Advantages to this novel side stream process are that no 
carbon addition is needed because the RAS and GTO supply sufficient carbon for phosphorus 
removal and no denitrification is occurring in this phase since this is a side stream process. The 
construction requirements for this process were also minimal only requiring a new pipeline and 
pump to bring GTO to the RAS reactors and new mixers in the RAS reactors. The total capital 
cost for this was estimated to be less than $300,000, significantly less than the first option 
(Carson, 2012). 
The WWTP moved forward with implementing the side stream EBPR process shown in 
Figure 7. An eight-month demonstration of the process followed showing that this was an 
effective method at removing phosphorus. The average total phosphorus concentration in the 
effluent was 0.58 mg/L, while the effluent phosphate concentration was 0.11 mg/L as 
phosphorus. The demonstration also found that the sludge blanket height in the gravity thickener 
was proportional to the amount of VFA and readily biodegradable chemical oxygen demand 
(rbCOD) in the GTO sent to the RAS reactor. Since it is beneficial for phosphorus removal to 
provide large amounts of VFAs to the anaerobic process, it was recommended that the sludge 
blanket be kept high in the gravity thickeners. The demonstration also investigated whether 
sending GTO to the RAS reactors is necessary for phosphorus removal or if it could be sufficient 
to supply just RAS for fermentation. The results showed that RAS fermentation alone achieved 
35% less phosphorus uptake in the aerobic phase of the process compared to when RAS and 
GTO were both sent to the anaerobic reactor. For this reason, RAS and GTO are both required in 
this process to achieve the desired level of phosphorus removal (Carson, 2012). 
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  The takeaway message from this study is that this side stream EBPR process provided 
consistent, reliable performance and is a cost effective, space efficient way for WWTPs to 
introduce phosphorus removal into their existing BNR process. WWTPs only need to have RAS 
flows and a carbon source available that can be sent to a side stream anaerobic reactor. This can 
easily be added to the existing nutrient removal process without any negative impacts on 
nitrogen removal. If WWTPs do not have an internal carbon source available, such as GTO, it is 
possible for them to still implement this side stream process by supplying an external carbon 
source such as acetic acid (Carson, 2012). Overall, this novel side stream process was successful 
because a cost effective VFA source was identified to help improve nutrient removal. 
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2.3.2 External Carbon Source Addition 
 If insufficient carbon is available in the EBPR process, efficient phosphorus removal will 
not occur. This is a concern for many wastewaters as they are often carbon limited for 
phosphorus and nitrogen removal (Carson, 2012). When wastewater in the anaerobic stage of 
EBPR does not contain enough VFAs, the PAOs experience reduced anaerobic VFA uptake, 
which in turn reduces the PAO phosphorus uptake in the downstream aerobic stage (Carson, 
2012; Temmink, Petersen, Isaacs, & Henze, 1996). Other researchers displayed this occurrence 
graphically as shown in Figure 8. When there is sufficient VFA uptake, phosphate is released in 
the anaerobic phase. The amount of phosphate released correlates with the phosphorus removed 
in the aerobic phase. It was found that 90% phosphorus removal in the aerobic phase was related 
to a release of phosphate between 13 – 15 mg/L as phosphorus in the anaerobic phase (Wang, 
Hill, & Peng, 2002). 
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Figure 8. Anaerobic Phosphorus Release and Aerobic Phosphorus Uptake Relationship 




In order to ensure there is a sufficient concentration of VFAs in the anaerobic stage, 
many WWTPs supply external carbon sources to wastewater. Research has found that in order to 
remove 1 mg of phosphorus, 20 mg chemical oxygen demand (COD) equivalent of acetic acid is 
needed (Abu-ghararah & Randall, 1991). A summary of the various forms of VFAs is shown in 
Table 2. Acetic acid is the most common form of VFA added to the anaerobic stage of the EBPR 
process. However, literature shows that both acetic acid and propionic acid are desirable forms of 
VFAs that can enhance phosphorus removal largely due to the acids having low molecular 
weights (Carson, 2012; Skalsky & Daigger, 1995). 
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Table 2. Typical VFA Characteristics (Carson, 2012; Rossle & Pretorius, 2001). 





Acetic Acid CH3COOH C2O2H4 60.05 1.067 
Propionic Acid CH3CH2COOH C3O2H6 74.08 1.514 
Butyric Acid CH3(CH2)2COOH C4O2H8 88.11 1.818 
Valeric Acid CH3(CH2)3COOH C5O2H10 102.13 2.039 
Caproic Acid CH3(CH2)4COOH C6O2H12 116.16 2.207 
 
 
 Studies have investigated the effectiveness of the above chemicals at various doses as 
well as in mixtures with varying ratios. Researchers have also explored using alternative 
chemicals that serve as external carbon sources in the EBPR process. Discussions on the findings 
from the existing literature follow. 
Acetic and Propionic Acids 
 Acetic acid is one of the most commonly used supplemental carbon sources added to 
wastewater to improve phosphorus removal. Studies have found that adding acetic acid 
effectively removes phosphorus (Chuang et al., 2011; Jeon, Lee, & Park, 2001). However, 
findings have shown that when acetic acid is added to wastewater in excess, the phosphorus 
removal actually decreases. Therefore, the most efficient practice for acetic acid addition is to 
avoid over-dosage. This concept can be extrapolated to other supplemental carbon sources, such 
as propionic acid, as well (S. a Begum & Batista, 2013; Chuang et al., 2011). 
 Studies have compared using acetic and propionic acids as supplemental carbon sources. 
The research found that both acids are able to effectively remove phosphorus and achieve low 
phosphorus concentrations in the effluent. However, acetic acid and propionic acid affect the 
types of bacteria present in the wastewater. PAOs are able to use both acids at similar rates in the 
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anaerobic phase, while GAOs are not able to take up propionic acid as quickly as they take up 
acetic acid. This suggests that using propionic acid either as the sole carbon source or by 
alternating between adding acetic and propionic acids, the presence of GAOs that take away 
from overall phosphorus removal in the wastewater may be limited (Oehmen, Yuan, Blackall, & 
Keller, 2005). 
 Other research has focused on studying adding chemical mixtures containing both acetic 
and propionic acids to the EBPR process. This helps simulate actual VFA production within 
wastewater systems since domestic wastewater contains acetic and propionic acids in varying 
ratios (Chen, Randall, & McCue, 2004). One study showed that in short-term experiments where 
the ratio of propionic acid to acetic acid favored the former, phosphorus removal was initially 
negatively affected. However, after sustained use of a higher ratio of propionic acid to acetic 
acid, phosphorus removal was shown to improve beyond what was achieved when the acetic acid 
concentration was greater (Chen et al., 2004). Other studies have also found that using a mixture 
of acetic and propionic acids is essential for stable phosphorus removal and to reduce the 
negative effects caused by having GAOs in the wastewater (Cowan, Carson, Lynch, & 
Mcquarrie, 2015). 
Glucose 
 Researchers have investigated using glucose as the sole carbon source added to 
wastewater to improve the EBPR process. The literature does not provide a consensus as to 
whether glucose is an acceptable carbon source for phosphorus removal. Some studies show that 
glucose can be an effective carbon source, while other researchers found that glucose does not 
improve EBPR performance and sometimes even reduces phosphorus removal. One reason cited 
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as to why glucose may not be an ideal source of carbon is due to the presence of GAOs in 
wastewater, which may be attributed to the addition of glucose (S. A. Begum & Batista, 2012).  
 One of the first studies aimed at investigating glucose as a carbon source in EBPR was 
performed by Cech and Hartman (1990). The study involved adding a mixture of acetic acid and 
glucose into a reactor. It was anticipated that since acetic acid was added, EBPR would occur. 
However, the results showed that minimal phosphorus removal occurred despite the organic 
substrates being taken up by the bacteria present in the reactor (Cech & Hartman, 1990). This 
initial study prompted further research into the subject to figure out why these results were 
achieved.  A study performed by Begum and Batista (2012) found that when glucose was used as 
the sole carbon source for EBPR, GAOs dominated over PAOs in the reactors used for the 
experiment. Initially, results showed nearly 90% phosphorus removal in the effluent streams 
produced by the reactors. However, as the study progressed and GAOs became the predominant 
bacterial species, EBPR performance failed with some days even showing negative removals of 
phosphorus (S. A. Begum & Batista, 2012). Machado (2004) also investigated using glucose as 
the sole carbon source for an EBPR process and saw a similar outcome. The results showed that 
the glucose prompted little phosphorus release and uptake in the anaerobic and aerobic stages, 
respectively. This resulted in very low phosphorus removal seen in the effluent streams. 
 In contrast to the findings noted above, other researchers have shown success in using 
glucose in the EBPR process. One study initially found that glucose did not enhance EBPR when 
the reactors were operated along the same lines as those being fed with acetic acid. However, 
when modifications were made to the way in which the reactors were operated, phosphorus 
removal significantly improved. These modifications made to the reactors fed with glucose 
included: increased time in the anaerobic phase, increased concentration of glucose added to the 
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process, and reduced dissolved oxygen in the aerobic phase. This study also discovered that 
glucose is used directly by the bacteria in the EBPR process. This is in contrast to previous 
research that suggested that glucose is first fermented to short-chain fatty acids, which are then 
used by bacteria (Wang et al., 2002). Another study by Chuang et al. (2011) found successful 
EBPR performance when adding glucose to industrial wastewater. In this study, no modifications 
to the EBPR process were needed. Glucose improved phosphorus removal and produced effluent 
with phosphate concentrations less than 0.5 mg/L as phosphorus (Chuang et al., 2011). Other 
researchers compared phosphorus removal between reactors fed with glucose, acetic acid, and a 
mixture of glucose and acetic acid. The results showed that all carbon sources were able to 
effectively remove phosphorus (Jeon et al., 2001). 
 Since some research does show effective phosphorus removal when using glucose in 
EBPR, it is suggested that the performance is not necessarily dependent on the glucose added to 
the wastewater. Rather, the performance is more related to the microbial population present in 
the wastewater stream. When there is a greater presence of GAOs instead of PAOs, that is when 
EBPR fails (Machado, 2004). 
Other: Digester Supernatant and Locally Produced Sources  
 Chuang et al. (2011) investigated using digester supernatant as a carbon source for 
EBPR. Digester supernatant contains a variety of organic carbon species consisting of VFAs as 
well as other substances such as sugars and amino acids. Although this study was performed on 
industrial wastewater, the results are significant because it was found that digester supernatant 
was an effective carbon source for EBPR. Effluent total phosphorus values were less than 1.0 
mg/L. What was interesting from the study was that digester supernatant hardly experienced any 
phosphorus release in the anaerobic reactor, but was still able to achieve low phosphorus levels 
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in the effluent. This contradicts previous knowledge regarding the relationship between 
anaerobic phosphorus release and aerobic phosphorus uptake (Chuang et al., 2011). 
 Research has shown that some WWTPs are able to make use of by-products from local 
industries and reuse them as carbon sources to improve phosphorus removal. One WWTP in 
Australia introduced molasses, a by-product from a local sugar processing industry, into a 
fermenter upstream of the secondary treatment process. The study showed that doing so 
improved phosphorus removal. In fact, phosphorus removal was more effective using molasses 
and fermenter effluent compared to when an equivalent mass of VFAs were produced from 
direct addition of acetic acid. The belief is that this occurs because the fermenter effluent 
contains a variety of VFAs including acetic, propionic, butyric, and valeric acids. Having a 
mixture of VFA species may give PAOs an advantage because GAOs may not be able to use 
some of the heavier VFAs (Thomas, Wright, Blackall, Urbain, & Keller, 2003). 
 Another by-product that was studied as a potential supplemental carbon source was a 
waste stream from a recycling WWTP that crushes expired containers of beverages filled with 
beer, soda, water, and mouthwash. Initial analyses of the waste stream showed that the liquid had 
high potential to form short chain fatty acids. The waste stream was added to a pre-fermenter 
prior to dosing to the anaerobic treatment stage. Findings showed that when 30% of the recycle 
stream fed to the pre-fermenter was replaced with this waste stream, there was significant 
production of short chain fatty acids that could be utilized by PAOs for phosphorus removal. 
When the amount of the waste stream in the recycle stream exceeded 30%, there was not as 
much short chain fatty acid production. This indicates that there may be some inhibition induced 
by higher concentrations of this waste stream added to the pre-fermenter. However, overall this 
waste stream shows potential as a unique supplemental carbon source (Cowan et al., 2015). 
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2.3.3 Fermentation 
 The fermentation process is used to decompose complex organic matter to carbon dioxide 
and methane. There are two main stages involved in fermentation: acidogenic and methanogenic 
phases. Each of these stages is then broken down further into two additional phases as shown in 
Figure 9. During the acidogenic phase, the organic compounds go through hydrolysis where the 
complex compounds are broken down into simpler ones. This is then followed by acidogenesis, 
which ferments these simple organic compounds into VFAs. The methanogenic phase consists of 
acetogenesis where VFAs are converted to intermediate products, which are then transformed to 
carbon dioxide and methane via methanogenesis (Christensson, Lie, Jonsson, Johansson, & 
Welander, 1998). 
 The fermentation phase that is probably the most important for EBPR is the acidogenic 
phase since that is where the complex organic compounds are converted into VFAs that can be 
used by PAOs. Fermentation of primary sludge can be implemented in one of two ways, either 
within the primary clarifier or within a separate pre-fermenter that receives primary sludge. For 
the purposes of this study, the discussion will focus on inducing fermentation within primary 
clarifiers. Various studies have investigated the fermentation processes to produce VFAs for 








 A study performed by Christensson et al. (1998) looked at improving the fermentation 
and hydrolysis seen in primary sludge within primary clarifiers. The researchers increased the 
sludge blanket depth within the primary clarifiers and introduced a recirculation method that 
took sludge from the bottom of the clarifier and sent it to the top of the clarifier. The study found 
that by doing so, there was an increase of about 10 mg/L VFA-COD in VFA production due to a 
larger sludge blanket compared to normal operating conditions. The study also took samples 
from the clarifier and ran a subsequent evaluation in the lab to determine the ultimate VFA 
production potential of operating the clarifiers with larger sludge blankets. It was discovered that 
fermentation within the primary clarifiers is not complete. Based on the evaluation looking at 
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long-term fermentation within the laboratory, the sludge could produce an additional 15 to 20 
mg/L VFA-COD given adequate time within the fermenter. Therefore, while increasing the 
sludge blanket in the primary clarifiers was found to be useful to the EBPR process, additional 
VFA production could occur if the sludge is fermented in a separate reactor (Christensson et al., 
1998). 
Another study investigated VFA production within primary clarifiers maintaining 
different SRTs.  Three scenarios were investigated: 5-day SRT with no cover, 10-day SRT with 
no cover, and 5-day SRT with a cover over the reactor. The study found that the covered reactor 
with the 5-day SRT performed the best, producing 34 mg/L VFA-COD. The results also showed 
that the actual VFA production did not achieve the predicted potential VFA production of 142 
mg/L VFA-COD. These results are similar to the findings reported by Christensson et al. (1998). 
The uncovered reactor with a 5-day SRT also showed VFA production (9 mg/L VFA-COD), 
however leaving the reactor uncovered with no control over the temperature prevented this 
reactor from producing additional VFAs. The 10-day SRT reactor did not produce any VFAs 
most likely due to acidogenic and methanogenic fermentation occurring simultaneously (Barajas, 
Escalas, & Mujeriego, 2002). 
 Other research has focused on primary fermentation via upflow sludge blanket 
technology. This reactor serves to retain solids, produce VFAs, and provide clarification all 
within one unit. The study focused on fermenting primary solids under different hydraulic 
retention times (HRTs) ranging from one hour to a little over four hours. Results showed that a 
HRT of 2.8 hours produced the most VFAs, approximately 126 mg/L acetic acid. The VFAs 
produced consisted mostly of acetic acid (~90%) and propionic acid made up the majority of the 
remaining 10% of VFAs produced. This method of VFA production was effective in creating a 
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VFA concentration that is sufficient for phosphorus removal (GonCalves, Charlier, & Sammut, 
1994). 
 An additional alternative developed a novel primary activated tank to improve VFA 
production. This setup modified a traditional primary clarification system by adding a 
mechanical elutriation unit complete with a stirrer in front of a horizontal flow primary 
sedimentation tank. The system also included a sludge recirculation system that would send 
sludge back to the influent of the elutriation component of the device. A study was conducted on 
this system to determine the effect of SRT, stirring velocity gradient, and return sludge ratio on 
VFA production. The results showed that increasing the SRT up to five days improved VFA 
production by generating almost an additional 19 mg/L VFA over the control. By further 
increasing the SRT to seven days, a negligible increase in VFAs was seen. The study also found 
that mechanical elutriation with a stirring velocity gradient of 152 s-1 and a return sludge ratio of 
10% improved VFA production (Jin et al., 2016). 
 The limited research available on fermentation within full-scale primary clarifiers 
indicates that increasing the sludge blanket within a clarifier is successful in generating 
additional VFAs beyond those that are normally created in the treatment process. However, there 
is not enough literature available to fully understand the improvements in VFA production, 
particularly in a primary clarifier where no additional components are added on to the process. 
Additionally, there is not enough information on how to optimize a primary clarifier sludge 
blanket to maximize VFA production without impacting primary treatment performance. This 
method of improving nutrient removal warrants additional research because if it truly is 
successful, it would allow WWTPs to enhance their performance with minimal costs compared 
to the other technologies discussed; all that is needed to implement this method is a change in the 
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operation scheme of the WWTP. For this reason, VFA production via fermentation within 
primary clarifiers is the focus of this study. 
Within this study, additional insight is provided on the changes in VFA production and 
VFA speciation when the primary clarifier sludge blanket depths are modified. The trends seen 
with VFA concentration and speciation are reviewed and discussed in terms of the impact on 
phosphorus removal. The research findings hope to confirm the results from other studies as well 
as add on to them by detailing out the VFA concentrations yielded at each sludge blanket depth. 
The results from this study will be used by the WWTP where this study took place to identify the 
primary clarifier sludge blanket depth that balances VFA production and speciation with 
operational considerations. This information may also help other WWTPs understand how they 
can implement some of the theory into actual practice and optimize their operating parameters in 
order to achieve their desired process optimization. 
 
2.4 Location of Study  
 The WWTP where the study was conducted treats an average daily flow of 492 million 
liters per day (MLD) (130 million gallons per day [MGD]) and a peak flow of 916 MLD (242 
MGD) of municipal wastewater. The incoming wastewater is treated to a high quality through 
advanced treatment methods that allow the effluent to be discharged to the Las Vegas Wash 
where it is transported to Lake Mead. The Las Vegas community relies on Lake Mead for nearly 
90% of its water supply, so the stringent treatment standards in place help ensure the quality of 
water supplied to the community (Brean, 2017). The WWTP provides preliminary treatment, 
primary treatment, secondary treatment, and tertiary treatment in a similar arrangement as shown 
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in Figure 4. Each step of this process is described below. The WWTP also provides means for 
odor control and solids handling via separate process streams. 
 Preliminary Treatment: When wastewater enters the WWTP, the water first goes 
through preliminary treatment where solids and heavy particles are removed via bar 
screens and aerated grit basins. 
 Primary Treatment: After the larger particles are removed from the wastewater, 
primary treatment helps remove settleable solids. The primary treatment consists of 
four primary influent structures (PIS) that receive effluent from the aerated grit basins 
and divide the flow amongst the fourteen primary clarifiers. The sludge generated in 
the primary clarifiers is sent to the solids handling process by the six primary sludge 
pumping stations on site. The effluent from the primary clarifiers proceeds to the four 
primary effluent diversion structures (PEDS) that send flow to the primary effluent 
pump station (PEPS) where flow is pumped to the secondary process. 
 Secondary Treatment: Nitrification, partial denitrification, and biological phosphorus 
removal take place in the secondary treatment process. There are sixteen aeration 
basins along with sixteen secondary clarifiers, which collect the secondary mixed 
liquor and send it to the thickening portion of the solids handling process or return it 
to the aeration basins. The effluent from the secondary clarifiers is diverted to a pump 
station that sends the flow to tertiary treatment. 
 Tertiary Treatment: Tertiary treatment consists of two parallel processes. The 
majority of the secondary treatment effluent goes through filtration and disinfection 
before being discharged into the Las Vegas Wash. The process utilizes dual media 
filters and ultraviolent disinfection to meet the effluent standards. A smaller portion 
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of the secondary treatment effluent is sent to a membrane and ozonation process prior 
to being discharged into the Las Vegas Wash. 
For this study, the area of focus will be the primary treatment portion, specifically the 
primary clarifiers.  The aerated grit basin effluent is split between four PIS that divide the flow 
amongst the fourteen primary clarifiers as follows: 
 PIS 1 – Primary Clarifiers 1 – 3  
 PIS 2 – Primary Clarifiers 4 – 6 
 PIS 3 – Primary Clarifiers 7 – 10 
 PIS 4 – Primary Clarifiers 11 – 14 
All fourteen primary clarifiers have a 36.6 meter (m) (120-foot [ft]) diameter. Primary 
Clarifiers 1 and 2 have side wall depths of 3 m (10-ft) while the rest of the primary clarifiers 
have side wall depths of 3.7 m (12-ft). The primary clarifiers were constructed in segments: 
Primary Clarifiers 1 and 2 were built in 1986; Primary Clarifiers 3 – 6 were built in 1991; 
Primary Clarifiers 7 – 10 were built in 2000; Primary Clarifiers 11 and 12 were built in 2004; 
and Primary Clarifiers 13 and 14 were built in 2010. The primary clarifiers currently provide 
chemically enhanced primary treatment (CEPT) meaning that ferric chloride and polymer are 
added to the wastewater prior to entering the primary clarifiers. This chemical addition helps 
improve settling along with phosphorus removal. The primary clarifiers are also operated to 
provide in-basin thickening of the primary sludge. The effluent from the primary clarifiers flows 
through the four PEDS with the same breakdown as the flow passed through the four PIS 
(MWH, personal communication, 2014). 
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Chapter 3: Methods 
3.1 Research Question and Hypotheses 
As noted in the literature review, fermentation within primary clarifiers is a feasible and 
effective method to increase the production of VFAs. However, there is an insufficient amount of 
literature available on this subject providing detailed information on what results are seen when 
sludge blanket depths are modified in full-scale applications. Additionally, the speciation of 
VFAs resulting from this modification has not been extensively studied. The purpose of this 
study is to expand the knowledge base on full-scale primary clarifier fermentation and to provide 
an investigation into the effects of VFA production resulting from incremental adjustments to the 
SRT. The SRT in primary clarifiers is not commonly monitored by treatment plant operators and 
is complex to estimate given the transient nature of the settling process. However, the sludge 
blanket depth is a common parameter monitored by WWTP operators and has a direct correlation 
with sludge SRT. Therefore, in this study the sludge blanket depth was used as an indirect 
measure of SRT.  The following research question and hypotheses serve as the basis for this 
work. 
 
Research Question: What effect does increasing the sludge blanket depth in the primary clarifiers 
have on the concentration and speciation of VFAs produced? 
Hypothesis 1a: Increasing the primary clarifier sludge blanket depth will yield a higher 
total concentration and production of VFAs compared to the VFA concentrations and 
productions achieved under normal operating conditions. 
Method 1a: Wastewater samples were collected upstream and downstream of the primary 
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clarifiers and evaluated for total VFA concentrations and total VFA productions 
according to the design presented in the following section. Average total VFA 
concentrations and productions were compared between sludge blanket depth groups to 
determine the effect primary clarifier sludge blanket depth has on total VFA 
concentrations and productions.  
Hypothesis 1b: The sludge blanket depth will not change the speciation of VFAs. Acetic 
acid will continue to be the dominant form of VFA produced in the primary clarifiers. 
Method 1b: Along with the total VFA concentrations and productions, the wastewater 
samples were further analyzed to differentiate between VFA species. Average 
concentrations and productions of each VFA species were compared between sludge 
blanket depth groups.  
 
 The type of study used to answer the research question and test the hypotheses was a 
primary experimental study conducted at full-scale. The study did not involve the use of human 
subjects and did not require human subject approval, but rather relied on water samples that were 
tested in a laboratory. 
 
3.2 Study Design and Sampling Program 
 Sampling and measurements were collected at nine locations within the primary 
treatment area. Table 3 identifies each sampling site and the frequency of sampling while Figure 
10 shows the sampling site locations. The sampling program was established to evaluate WWTP 
influent characteristics, sludge blanket depths within each clarifier, and water quality 
characteristics downstream of the primary clarifiers.  
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Table 3. Sampling Locations and Frequency. 







Primary Clarifiers No. 1 - 6 183 samples N/A N/A N/A 
Wastewater Influent  N/A 38 samples 167 samples 273 samples 
Primary Effluent Diversion 
Structure (PEDS) No. 1 
N/A 38 samples 167 samples 273 samples 
Primary Effluent Diversion 
Structure (PEDS) No. 2 
N/A 38 samples 167 samples 273 samples 
 
 















Sludge blankets in the six clarifiers were measured daily using a sludge judge. The sludge 
judge is an instrument used for manual measurements of sludge blanket depth. The sludge judge 
is a tube that is lowered into the primary clarifier and as the sludge judge comes into contact with 
the sludge blanket, a valve at the bottom of the sludge judge is opened to begin collecting a 
sludge sample. When the sludge judge reaches the bottom of the sludge blanket, the valve is 
closed and the sludge judge is removed from the primary clarifier. When removing the sludge 
judge from the clarifier, the depth of sludge is read from the side of the sludge judge that 
contains graduated depth increments. Wastewater influent and primary clarifier effluent samples 
were collected using Hach automatic samplers that drew twenty-four hour composite time-
weighted samples. The samplers drew 40 milliliters of water every fifteen minutes and stored the 
water in a refrigerated box kept at four degrees Celsius. All samples were kept in refrigerated 
conditions until the time of analysis, which occurred within seven days of collecting the samples. 
All sludge judge measurements and analyses of composite samples were performed by staff at 
the WWTP. Wastewater influent samples were collected upstream of the primary clarifiers near 
the head of the WWTP. The sampling location is not shown on Figure 10. Primary clarifier 
effluent samples were collected at two locations shown on Figure 10: PEDS No. 1 and PEDS No. 
2. Samples collected from PEDS No. 1 were a blended flow of effluent from Primary Clarifiers 
No. 1 to 3 and samples collected from PEDS No. 2 were a blended flow of effluent from Primary 
Clarifiers No. 4 to 6. It was not possible to hydraulically isolate individual clarifiers to collect 
individual effluent samples, so blended flows were used for the evaluation of effluent quality.  
As previously mentioned, the six clarifiers included in this study do not all have the same 
side wall depth. Preliminary investigations into Primary Clarifiers No. 1 and 3 have shown that 
despite the differences in side wall depths, the overall performance of the clarifiers is largely the 
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same. When comparing sludge blanket depths, total VFA concentrations, and VFA 
concentrations of acetate and propionate, the paired hypothesis t-tests showed that the 
differences between these two clarifiers were not statistically significant at the 95% confidence 
level. Additionally, acetic acid was confirmed to be the dominant species of VFA in both 
clarifiers. Therefore, based on this preliminary data analysis, it was determined that the clarifiers 
performed equally and within this current study the differences in side wall depths should not 
impact the results. 
Effluent samples collected from PEDS No. 1 (Primary Clarifiers No. 1 to 3) made up 
Group 1 of the study while PEDS No. 2 (Primary Clarifiers No. 4 to 6) made up Group 2 of the 
study. Group 1 was operated according to normal operating procedures with no planned 
variations in sludge blanket depth. The target sludge blanket depth for Group 1 was between 0.9 
and 1.5 m. For the majority of the study’s duration, Group 1 sludge blanket depths were able to 
stay within this range. However, there were variations in the Group 1 sludge blanket depth that 
went outside of the target range due to needs of the operating WWTP. The clarifiers within 
Group 2 experienced incremental adjustments in sludge blanket depth according to Table 4. 
 
 
Table 4. Primary Clarifiers No. 4 - 6 Sludge Blanket Depth Schedule. 
Depth Time Period 
 < 0.9 m 
(< 3 ft) 
June - August 
 0.9 – 1.5 m 
(3 – 5 ft) 
September - November 
 > 1.5 m 
(> 5 ft) 
December - February 
Total 9 months 
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Beyond the sludge blanket depth, the other parameters monitored throughout the study 
included the following: WWTP influent flow, total VFA concentration, concentration of VFA 
species (acetic acid, propionic acid, butanoic acid),total suspended solids (TSS), volatile 
suspended solids (VSS), COD, soluble chemical oxygen demand (sCOD), total phosphorus (TP), 
pH, and temperature. The primary focus of this study was to determine the impact of sludge 
blanket depth on total VFA and speciated VFA concentrations. However, TSS, VSS, COD, and 
sCOD were important to monitor to determine if higher sludge blanket depths impact clarifier 
performance and removal of these parameters from the wastewater. Additionally, WWTP 
influent flow, pH, and temperature were measured to track the variation in plant operations 
throughout the nine-month testing period. Total phosphorus was used to determine the VFA to 
total phosphorus ratio that is important to make sure there are sufficient VFAs available to 
remove the phosphorus in the wastewater. The complete sampling program that highlights these 
parameters, sample locations, total number of samples, and methods used to perform the analysis 
is shown in Table 5.  
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Table 5. Sampling Program. 
















Influent) Daily for duration of study 273 Flow meter 
TSS Daily 273 Daily 273 Daily 273 819 Hach 8006 
VSS Daily 273 Daily 273 Daily 273 819 Hach 8164  
COD Daily 273 Daily 273 Daily 273 819 Hach 8000 
SCOD Daily 273 Daily 273 Daily 273 819 Hach 8000  














(Weekdays) 167 501  Thermometer 
VFAs Using Composite Sampling     
VFAs (Total) 1x/wk 38 1x/wk 38 1x/wk 38 114 
 Gas 
Chromatography  




(Propionate) 1x/wk 38 1x/wk 38 1x/wk 38 114 
 Gas 
Chromatography  
VFAs (Butyrate) 1x/wk 38 1x/wk 38 1x/wk 38 114 




Wastewater influent samples were collected to establish baseline conditions of the water 
quality entering the WWTP. Effluent data from Groups 1 and 2 were grouped together and 
organized according to average sludge blanket depth into three groups (< 0.9 m, 0.9 to 1.5 m, and 
> 1.5 m). The corresponding influent samples to those from Groups 1 and 2 were also organized 
into the three sludge blanket depth groups so that primary clarifier performance at the various 
sludge blanket depths could be determined. Descriptive statistics consisting of minimum, 
maximum, range, and average values were used to evaluate the data collected for each sludge 
blanket depth group. The results of the sludge blanket depth groups were then compared to 
identify the impacts of sludge blanket depth on primary clarifier performance.  
Data from Groups 1 and 2 were also evaluated using descriptive statistics and compared 
against each other. As the sludge blanket depths in the clarifiers in Group 2 were altered 
according to the schedule, the Group 1 clarifier sludge blanket depths mostly stayed within the 
0.9 to 1.5 m range. Since these two groups had the same influent conditions, comparing results 
between these two groups was helpful to remove any impacts of seasonal variability seen in the 
data. 
The data was evaluated for outliers in the various sludge blanket depth groups. Outliers 
were determined by calculating the quartiles of the data set and the interquartile range. Any 
values that exceeded the third quartile by 1.5 times the interquartile range or were less than the 
first quartile by 1.5 times the interquartile range, were identified as outliers and removed from 
the data set (Daniel & Cross, 2013). 
 
3.3 Research Considerations and Key Assumptions 
 All research has its limitations, and this study is no exception. The limitations to this 
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study are discussed below. 
Seasonal Variance 
 As the seasons change during the year, the characteristics of the wastewater entering the 
WWTP also experience variations. Unfortunately, this study is limited in scope to focus only on 
a portion of the year due to time and resource constraints, so the fluctuations in VFA 
concentrations throughout the year based on sludge blanket depth cannot be documented. 
Full-Scale Study 
 Another limitation of this study is that it takes place at an operational WWTP. Unlike a 
laboratory environment, conditions such as temperature, flow, and overall WWTP operations 
cannot be controlled. This is an operating facility that needs to provide consistent production of 
effluent and in order to do so, there were instances where the operational conditions in place for 
the current study could not be maintained.  
Sample Sizes 
 VFA samples were collected once a week for the duration of the study. In order to 
perform a statistical analysis, additional samples would need to be collected and the study would 
need to be conducted for longer. Due to time constraints, this option was not available for this 
study. 
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Chapter 4: Results and Discussion 
Data samples were collected from June 1, 2018 through February 28, 2019 according to 
the sampling plan. A total of 38 samples were collected for VFA concentrations and speciations 
at the indicated sampling locations in Table 3 and Figure 10. Corresponding primary clarifier 
sludge blanket depths and water quality characteristics were also measured along with the VFA 
information. The methods used to evaluate the samples are summarized in Table 5. Results from 
this study are discussed in three parts. The first section identifies the wastewater influent 
characteristics entering the WWTP and the typical VFA concentrations observed. The second 
section addresses Hypothesis 1a by looking at the impact of primary clarifier sludge blanket 
depth on total VFA concentrations. The third section addresses Hypothesis 1b that focuses on the 
speciation of VFAs measured as a result of primary clarifier sludge blanket depth.  
 
4.1 Wastewater Influent Characteristics 
 Before the results on VFA production and speciation are presented, it is important to 
identify the wastewater influent quality entering the WWTP. Wastewater influent was monitored 
from June 2018 to February 2019 and the influent quality characteristics are shared in the 
following sections. These water quality values were used to evaluate changes in the primary 
clarifier effluent related to differences in sludge blanket depth. 
 
4.1.1 Influent Total VFA Concentrations 
 Understanding the characteristics of the wastewater influent is important to explain how 
VFAs are created in the primary clarifiers according to sludge blanket depth. Influent was 
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sampled at one point upstream of the primary clarifiers and the results were organized into their 
respective clarifier sludge blanket depth group. Box-and-whisker plots are shown in Figure 11 to 
describe the total VFA concentrations measured in each sludge blanket depth group. The data 
was analyzed for outliers and one outlier data point was found and excluded from the rest of the 
evaluation. Influent total VFA concentrations range from 11 to 40 mg/L. The data that falls into 
the < 0.9 m and 0.9 to 1.5 m groups show a very similar range and average total VFA 
concentration while the data in the > 1.5 m sludge blanket depth group span a much larger range 




Figure 11. Influent Total VFA Concentrations by Corresponding Downstream Primary 














































< 0.9 m 0.9 - 1.5 m > 1.5 m
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The three groups of data had similar average influent flow rates ranging from 394 to 416 
MLD. Influent COD, sCOD, TSS, and VSS concentrations along with temperature and pH were 
measured. Table 6 summarizes the influent characteristics. The COD measurements followed a 
similar trend to the total VFA concentrations where the < 0.9 m and 0.9 – 1.5 m groups had like 
values and the > 1.5 m group had the highest value. All three groups had similar sCOD 
measurements with no evident trend. Average influent pH was also consistent across the three 
sludge blanket depth groups. Temperature varied between the three groups with the influent 
temperature being the greatest for the > 1.5 m sludge blanket depth group. Influent TSS 
measurements ranged from 340 to 380 mg/L with the < 0.9 m group having the greatest 
concentration and the > 1.5 m group having the smallest concentration. Influent VSS 
concentrations ranged from 304 to 331 mg/L where the < 0.9 m and 0.9 – 1.5 m groups had 
similar values and the > 1.5 m group had the greatest concentration. 
 
 
Table 6. WWTP Influent Characteristics. 
Influent Samples <0.9 m  0.9 – 1.5 m >1.5 m 
Total VFA (mg/L) 19.9 19.8 25.2 
Temperature (deg C) 23.6 22.9 30.2 
Flow (MLD) 397.2 394.5 416.3 
COD (mg/L) 696.9 691.2 760.1 
sCOD (mg/L) 134.5 131.7 133.4 
pH 7.33 7.33 7.38 
TSS 380.7 361.6 343.6 
VSS 307.8 304.7 331.6 




4.1.2 Influent Speciation of VFAs 
 To further understand the wastewater influent characteristics, the total VFA concentration 
was speciated to measure for acetic acid, propionic acid, and butanoic acid. Figure 12 presents 
the average speciation of VFAs for each of the three sludge groups. On average, acetic acid 
accounted for 85% to 87% of the total VFAs, propionic acid accounted for 11% to 12% of the 
total VFAs, and butanoic acid accounted for 2% to 3% of the total VFAs. Literature supports the 
trend seen of VFA species measured in the wastewater influent. Acetic and propionic acids are 
the two most common VFAs found in domestic wastewaters (Chen et al., 2004). Across the three 
sludge blanket depth groups, the percent of total VFAs measured remained relatively consistent 
for each of the VFA species, even as the total VFA concentration increased.  
 
 
Figure 12. Influent Speciation of VFAs by Corresponding Downstream Primary Clarifier 







































4.1.3 Discussion of Influent Characteristics 
Seasonal variability likely contributed to the trend seen in influent total VFA 
concentrations. This study began in June 2018 and the first target test clarifier sludge blanket 
depth was > 1.5 m, so the majority of samples for this sludge blanket depth group were taken in 
the warm summer months. The average sample influent temperature for this group of data was 
30.2 degrees Celsius. Samples for the < 0.9 m and 0.9 m – 1.5 m sludge blanket depth groups 
were primarily collected in the fall and winter months with average sample temperatures of 23.6 
and 22.9 degrees Celsius, respectively. Figure 13 shows the WWTP influent temperature 
throughout the duration of the study. According to literature, influent water temperature does 
impact VFA concentrations. In a study performed by Mikola, Vahala, & Rautiainen (2011), it 
was found that cooler temperatures reduced the VFA concentration entering the WWTP from the 
sewer. This study also found that flow rates entering the WWTP affected the VFA concentration. 
Higher flow rates reduced the influent VFA concentration due to less retention time and 
additional oxygen supply leading to aerobic conditions within the sewer.  
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4.2 Primary Clarifier Sludge Blanket Depth Impact on Total VFAs  
 Primary clarifier effluent samples were collected from two locations as shown in Figure 
10 during the study period from June 2018 to February 2019. The following sections present the 
results for the effects of primary clarifier sludge blanket depth on total VFA concentration, total 
VFA production, and a comparison between the two effluent sampling points (Group 1 and 
Group 2).  
 
4.2.1 Total VFA Concentration vs. Sludge Blanket Depth 
 Samples were collected downstream of the primary clarifiers to determine the impact of 




























three sludge blanket depth groups (< 0.9 m, 0.9 – 1.5 m, and > 1.5 m). The results are 
summarized in box and whisker plots shown in Figure 14. Data was evaluated for outliers and 
one outlier was found and removed from the data set. The figure identifies a trend where the total 
VFA concentration increases as the primary clarifier sludge blanket depth increases, particularly 
when considering the average values of each group. This agrees with Hypothesis 1a and supports 
other findings that show that larger primary clarifier sludge blanket depths or SRTs can improve 















































< 0.9 m 0.9 - 1.5 m > 1.5 m
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 Figure 14 shows a wide range in total VFA concentrations measured for each sludge 
blanket depth group. To better understand the differences in total VFA concentrations seen 
between sludge blanket depth groups, Table 7 shows the average effluent water quality data for 
each sludge blanket depth group. 
 
 
Table 7. Primary Clarifier Effluent Characteristics by Sludge Blanket Depth. 
PC Effluent Samples <0.9 m  0.9 – 1.5 m >1.5 m 
Average Total VFA (mg/L) 87.5 91.9 94.8 
Minimum 74.9 78.5 85.3 
Maximum 105.3 112.0 111.5 
Average Temperature (deg C) 24.3 23.6 33.7 
Minimum 13.8 14.4 29.0 
Maximum 38.3 39.3 43.9 
Average COD (mg/L) 443.3 478.1 502.6 
Minimum 360.7 409.7 453.0 
Maximum 530.0 568.7 539.0 
Average sCOD (mg/L) 179.5 178.1 171.9 
Minimum 127.7 129.3 114.7 
Maximum 248.3 254.3 219.0 
Average pH 6.90 6.86 7.14 
Minimum 6.64 6.60 6.90 
Maximum 7.50 7.30 7.60 
Average TSS 107.3 137.0 154.7 
Minimum 82.0 74.0 120.0 
Maximum 134.0 198.0 186.0 
Average VSS 104.6 123.6 128.6 
Minimum 83.3 88.0 92.7 
Maximum 142.0 177.3 159.3 
Average VFA/TP 20.1 20.6 21.3 
Minimum 16.3 17.3 18.7 
Maximum 22.3 24.9 24.8 
No. of Samples 17 48 11 
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 As mentioned previously, increasing primary clarifier sludge blanket depths led to larger 
average total VFA concentrations. The range of total VFA concentrations also appears to be 
impacted by sludge blanket depth. The < 0.9 m and 0.9 – 1.5 m sludge blanket depth groups have 
minimum total VFA concentrations between 74 and 78 mg/L, while the > 1.5 m sludge blanket 
depth group has a minimum total VFA concentration of 85 mg/L. The maximum total VFA 
concentrations do not follow the same trend as the minimum or average total VFA 
concentrations. Figure 14 shows that the greatest total VFA concentration was seen in the 0.9 – 
1.5 m sludge blanket depth group followed by the total VFA concentration of the > 1.5 m and 
then the < 0.9 m sludge blanket depth groups. 
Average VFA/TP ratios range between 20.1 and 21.3 for the three sludge blanket depth 
groups. As sludge blanket depth increases, the VFA/TP ratio also increases, however the increase 
is not by much. For phosphorus removal to take place, 5 to 10 mg/L of VFAs are required per 
mg/L of phosphorus (Water Environment Federation, American Society of Civil Engineers, & 
Environmental and Water Resource Institute, 2005). The results indicate that for all sludge 
blanket depths, there are sufficient VFAs available for removal of the phosphorus concentration 
measured in the effluent of the primary clarifiers. 
Samples of primary clarifier effluent were also taken for COD, sCOD, TSS, and VSS. 
These are important water quality characteristics to monitor to determine the performance of 
primary clarifiers. Under normal operation, primary clarifiers are designed to remove 50 to 70% 
of TSS and 25 to 40% of BOD (Metcalf & Eddy, 2003). As shown in Table 7, samples taken 
from the three sludge blanket depth groups fell within these target ranges, indicating that the 
primary clarifiers are operating well and are able to achieve typical TSS and BOD (or COD) 
values according to literature. 
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 In this study, COD was measured instead of BOD due to laboratory equipment 
availability and ease of testing. BOD measures the amount of dissolved oxygen used by 
microorganisms to biochemically oxidize organic matter while COD measures the oxygen 
equivalent of the organic material in wastewater that can be oxidized chemically. COD is 
typically higher than BOD because some organic substances are difficult to oxidize biologically, 
but they can be oxidized chemically (Metcalf & Eddy, 2003). Primary clarifier effluent samples 
showed 31 – 36% removal of COD from the wastewater influent across all three sludge blanket 
depth groups, which falls within the typical BOD removal range. Despite a higher average COD 
concentration coming into the > 1.5 m sludge blanket depth group in the influent, effective COD 
removal was achieved within the typical percentage removal range. While the percentage of 
COD removal does not change much between sludge blanket depth groups, the effluent COD 
concentration does appear to increase with higher sludge blanket depths.  
 Primary clarifier effluent samples also measured sCOD, or the soluble portion of COD 
that are available to produce VFAs. Compared to the influent values, sCOD values increased in 
the effluent across all sludge blanket depth groups by 29 to 35%.  The < 0.9 m sludge blanket 
depth group had the greatest average concentration of sCOD in the effluent, while the 0.9 – 1.5 
m sludge blanket depth group saw the largest average increase in sCOD (35%). The > 1.5 m 
sludge blanket depth group had the lowest sCOD average concentration in the effluent and the 
smallest percentage in sCOD production.  
The three sludge blanket depth groups achieved TSS removal within the typical ranges 
reported in literature (50% - 70%) (Metcalf & Eddy, 2003). The < 0.9 m sludge blanket depth 
group achieved the greatest TSS removal (72%) and had the lowest TSS concentrations in the 
primary clarifier effluent. As the sludge blanket depths increased, TSS removal decreased. The 
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0.9 – 1.5 m sludge blanket depth group saw 62% TSS removal and the > 0.9 m sludge blanket 
depth group achieved 55% TSS removal. Results for VSS concentrations followed a similar 
trend. The < 0.9 m sludge blanket depth group saw the greatest reduction in VSS (66%), while 
the 0.9 – 1.5 m and > 1.5 m sludge blanket depth groups had slightly less removal at 59% and 
61%, respectively. 
 
4.2.2 Net Total VFA Production vs. Sludge Blanket Depth 
This study was conducted at full-scale where the WWTP was in operation. The full-scale 
nature of the study does not allow for as much control as a bench-scale study conducted within a 
laboratory. Variations in wastewater influent conditions, specifically VFA concentrations, may 
have contributed to higher VFA concentrations measured in the effluent of the primary clarifiers. 
To reduce the impact of influent VFA concentration on the total VFA concentration measured 
after the primary clarifiers, total VFA production was looked at (effluent total VFAs minus 
influent total VFAs). By calculating the VFA production, any impact of influent VFA 
concentrations is removed and the amount of VFAs produced as a result of conditions within the 
primary clarifiers is identified. The average total VFA production and the range of total VFA 
production in box and whisker plots is shown in Figure 15. This data is adjusted for outliers that 








Total VFA production follows a similar trend to primary clarifier effluent total VFA 
concentrations. The < 0.9 m sludge blanket depth produced the least total VFAs for minimum, 
average, and maximum values reported. As the sludge blanket depth increased, the minimum, 
average, and maximum total VFA production values also increased. This confirms the idea that 
deeper sludge blanket depths produce more total VFAs than the shallower sludge blanket depths.  
Total VFA production was also compared between sludge blanket depth groups based on 
temperature. Data within each sludge blanket depth group was sorted according to temperature 
from least to greatest. Similar temperatures between the sludge blanket depth groups were 
identified and the corresponding total VFA productions were compared. Two temperatures were 
selected for this analysis (20 degrees Celsius and 30 degrees Celsius) because the sludge blanket 






































< 0.9 m 0.9 - 1.5 m > 1.5 m
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sludge blanket depth group was 29 degrees Celsius, so this sludge blanket depth group was 
excluded from the 20 degrees Celsius comparison. Table 8 presents the findings.  
 
 














< 0.9 m 20.5 68.9 0.8 2 
0.9 – 1.5 m 20.4 74.3 1.2 7 
< 0.9 m 30.1 63.2 0.7 1 
0.9 – 1.5 m 30.8 71.4 1.4 2 
> 1.5 m 30.2 71.4 1.8 2 
 
 
At 20 degrees Celsius, the larger sludge blanket depth group (0.9 – 1.5 m) had a higher 
total VFA production compared to the lower sludge blanket depth group (< 0.9 m). At 30 degrees 
Celsius, the < 0.9 m sludge blanket depth group had the lowest total VFA production, while the 
0.9 – 1.5 m and > 1.5 m had the same average total VFA production. This analysis suggests that 
at the same temperature, the primary clarifier with the larger sludge blanket depth will have 
greater total VFA production. However, additional research is needed to better understand the 
impact of temperature on VFA production as this study was not designed to isolate for 
temperature and there were not consistent sample sizes for comparison. 
 
4.2.3 Total VFAs Groups 1 and 2 
To reduce the impact of both seasonal and influent wastewater characteristics on the total 
VFA concentration measured in the primary clarifier effluent, data were organized into two 
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groups (Group 1 and Group 2) as discussed previously for the three ranges of sludge blanket 
depths in the Group 2 clarifiers. Because these samples were taken at the same time, temperature 
and influent VFA concentrations should be the same between the groups. As previously 
mentioned, Group 1 included Primary Clarifiers 1 through 3 and represented normal operational 
conditions for sludge blanket depth. The goal for the sludge blanket depth in these clarifiers was 
to maintain a depth between 0.9 m to 1.5 m. Group 2 included Primary Clarifiers 4 through 6 and 
the sludge blanket depths within these clarifiers were adjusted according to the testing plan. As 
this was a full-scale study conducted at an operating WWTP, the target sludge blanket depth 
identified in the testing plan was not always able to be maintained. Because of this, Group 2 data 
may not be compared to data from Group 1 where the sludge blanket depths were within the 
typical operating conditions. However, looking at data in this Group 1 versus Group 2 
arrangement is important to take out the impact of seasonal variations as samples were taken 
from each group at the same time. Table 9 summarizes the results between the two clarifier 
groups for the three sludge blanket depths. 
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Table 9. Comparison of Group 1 and Group 2 Primary Clarifier Effluent Characteristics 
for Total VFAs. 
 














Average Depth (m) 1.2 0.7 1.2 1.2 1.3 1.8 
Minimum 0.9 0.3 0.3 0.9 0.8 1.6 




(mg/L) 96.5 90.4 89.2 89.5 90.6 94.3 
Minimum  88.8 77.3 74.9 78.5 78.6 85.3 
Maximum 112.0 105.3 99.6 105.0 108.0 111.5 
Average VFA 
Production (mg/L) 73.8 67.7 70.0 70.3 67.4 71.1 
Minimum 49.7 42.5 59.4 47.7 41.3 43.7 
Maximum 90.6 85.3 84.2 83.5 85.6 86.9 
Average 
Temperature (deg 
C) 21.2 22.2 23.4 24.7 33.1 33.9 
Minimum 14.4 13.8 16.9 16.3 29.6 29.0 
Maximum 33.2 38.3 30.7 33.9 39.3 43.9 
Average pH 6.80 6.84 6.84 6.92 7.12 7.14 
Minimum 6.60 6.64 6.63 6.61 6.87 6.90 
Maximum 7.20 7.10 7.30 7.30 7.50 7.60 
No. of Samples 13 13 16 16 9 9 
 
 
The results presented in Table 9 support the findings when looking at the collated data set 
organized by sludge blanket depth. The group with the larger average sludge blanket depth 
achieved a greater effluent concentration and production of total VFAs. The 0.9 – 1.5 m sludge 
blanket depth group showed very similar total VFA concentrations and productions between 
Groups 1 and 2 as the average sludge blanket depths were the same. The < 0.9 m sludge blanket 
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depth groups saw Group 1 having higher total VFA concentration and production values 
compared to Group 2, while the > 1.5 m sludge blanket depth group saw the opposite trend with 
Groups 1 and 2. Throughout all sludge blanket depths, temperatures and pH values between the 
groups were also similar, indicating that temperature and pH likely did not have an impact on the 
total VFA measurements seen when comparing samples between Groups 1 and 2. 
 
4.2.4 Discussion on Impact of Primary Clarifier Sludge Blanket Depth on Total VFAs 
The findings from this study indicate that larger primary clarifier sludge blanker depths 
lead to a greater concentration and production of total VFAs, however there are some impacts on 
primary clarifier performance. These performance impacts are discussed below. 
sCOD 
The sCOD measurement includes readily biodegradable substrates and VFAs. In the 
fermentation process, the available sCOD or readily biodegradable substrate in the influent is 
able to be converted to VFAs. The increase in sCOD in the primary clarifier effluent compared 
to the influent indicates that hydrolysis occurred and converted particulate or slowly 
biodegradable COD to sCOD at all sludge blanket depths. The results indicate that conditions 
within the primary clarifiers at all depths are suitable for the hydrolysis step in the fermentation 
process to take place. 
An interesting finding from this study is that the lowest sludge blanket depth group had 
the greatest sCOD concentration. As VFAs make up part of the sCOD measurement, it was 
anticipated that sCOD values would follow a similar trend to the total VFA concentrations. 
While the average sCOD measurements between sludge blanket depth groups only vary by less 
than 10 mg/L, the difference in sCOD is noticeable and shows a trend downward with increasing 
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sludge blanket depth. A possible reason for this occurrence could be that at the higher sludge 
blanket depths, fermentation proceeds too far and begins the methanogenic process where sCOD 
and VFAs are converted to other end products. Pittmann and Steinmetz (2013) reported this 
happening at a SRT of 15 days. Additional investigation is required to identify if this was the 
case in the current study. However, it should be noted that the VFA/sCOD ratio does increase 
with sludge blanket depth with VFAs making up 49%, 52%, and 55% of the sCOD 
concentrations for the < 0.9 m, 0.9 – 1.5 m, and > 1.5 m sludge blanket depths, respectively. 
TSS/VSS 
 While the results indicate that TSS and VSS removal is occurring within a normal range 
at the various primary clarifier sludge blanket depths, the findings show that increasing the 
sludge blanket depth within a primary clarifier can reduce TSS and VSS removal. This is 
important to consider when exploring the idea of increasing primary clarifier sludge blanket 
depths to produce more VFAs as doing so can reduce the performance of the clarifiers and may 
even impact downstream treatment processes. 
 
4.2.5. Discussion on External Factors Impacting Study 
 Several factors besides sludge blanket depth likely contributed to the trends seen in this 
study. Temperature, pH, and influent total VFA concentrations are all important factors that need 
to be considered when trying to understand the results. These contributing factors are discussed 
in the following sections. 
Impact of Temperature 
 Previous research summarized by Atasoy, Owusu-Agyeman, Plaza, and Cetecioglu 
(2018) indicates that temperature has a significant role in determining VFA production as it 
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effects microorganism growth rates, hydrolysis rates, and enzyme activity. Thermophilic 
conditions (55 degrees Celsius) have been shown to increase the microbial growth rate leading to 
a higher production of VFAs compared to mesophilic (35 degrees Celsius) conditions. Other 
work by Pittmann and Steinmetz (2013) and Skalsky and Daigger (1995) have shown greater 
VFA production when increasing the temperature from 20 to 30 degrees Celsius and 14 to 21 
degrees Celsius, respectively.  
Based upon these past studies, it is likely that temperature had a role in the total VFA 
concentrations measured. The results presented in Table 8 also support this idea. Samples from 
the > 1.5 m sludge blanket depth group generally had the greatest temperature and VFA 
measurement, while samples from the < 0.9 m sludge blanket depth group typically had the 
lowest temperature and VFA measurement. Therefore, higher temperatures may have increased 
the microbial growth and/or hydrolysis rate contributing to more production of VFAs. However, 
it should be noted that within each sludge blanket depth group, the sample that had the highest 
total VFA concentration did not always have the highest temperature. This indicates that 
temperature is not the main factor influencing total VFA concentration. To better understand 
how temperature impacted total VFA concentration, a subsequent study would need to be 
conducted under controlled conditions where temperature and sludge blanket depth can be 
maintained. It should be noted that thermophilic conditions within a primary clarifier would not 
occur under normal operations. 
Impact of pH 
 Literature shows varying results with regards to VFA production via fermentation and 
pH. Some studies found VFA production to be greater under alkaline conditions, while some 
studies found VFA production to be greater at more neutral pH values. Atasoy et al. (2018) 
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summarized findings from a study that looked at VFA production under a variety of pH 
conditions ranging from 3 to 12. This study found that VFA production was greatest at a pH of 
10. A different study conducted by Luo et al. (2018) found VFA production to be improved 
when the pH ranged from 7 to 10, with the optimal VFA production observed at a pH of 8. At a 
pH of 8, higher microbial activity was observed leading to greater VFA production. Luo et al. 
(2018) also found that acidic conditions (pH of 4) inhibited VFA production. In contrast to these 
findings, other studies indicate that having a pH greater than 7 can inhibit VFA production 
(Skalsky & Daigger, 1995). A study by Pittmann and Steinmetz (2013) found a pH of 7 to lead to 
the greatest production of VFAs, however this pH also led to methane production after about 15 
days. 
 Average pH values in this study ranged from 6.9 to 7.1. Minimum and maximum pH 
values for all groups ranged from 6.6 to 7.6 as shown in Table 7. The pH values remained in a 
neutral range throughout the study and did not appear to be related to any trends seen in total 
VFA concentration measurements. However, it should be noted that the pH values seen in the 
primary clarifier effluent are less than the pH values measured in the influent. This indicates that 
acids (VFAs) were formed within the primary clarifiers, causing the pH of the effluent to be less 
than the pH of the influent. To better understand the impact of pH on VFA production within the 
primary clarifiers and to determine whether neutral or alkaline conditions are best for VFA 
production, a subsequent study would need to be conducted. Furthermore, under normal 
operating conditions, the pH within primary clarifiers should fall within the neutral range, so 
seeing large fluctuations in pH from 3 to 12 would not be typical.  
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4.3 Primary Clarifier Sludge Blanket Depth Impact on VFA Speciation 
Primary clarifier effluent samples were collected from two locations as shown in Figure 
10 during the study period from June 2018 to February 2019. The following sections present the 
results for the effects of primary clarifier sludge blanket depth on the speciation of VFAs 
(concentration and production) as well as a comparison between the two effluent sampling points 
(Group 1 and Group 2). 
 
4.3.1 Primary Clarifier Effluent VFA Speciation vs. Sludge Blanket Depth 
The effluent samples collected downstream of the primary clarifiers were also speciated 
to determine how much acetic acid, propionic acid, and butanoic acid were present in the total 
VFA concentration. The complete set of data was organized into three sludge blanket depth 
groups (< 0.9 m, 0.9 – 1.5 m, and > 1.5 m). Results for the three species of VFAs are presented 








 Average acetic acid concentrations in the primary clarifier effluent follow the same trend 
as total VFAs where larger sludge blanket depths produce more acetic acid. Each sludge blanket 
depth group shows a fairly large range between minimum and maximum acetic acid 
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Average propionic acid concentrations show an inverse trend between concentration and 
sludge blanket depth. As the sludge blanket depth increases, the propionic acid concentration 
decreases. The minimum and maximum concentrations of propionic acid for the < 0.9 m and > 
1.5 m sludge blanket depths also decrease with increasing sludge blanket depth. The 0.9 – 1.5 m 
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Average butanoic acid concentrations follow a similar trend to total VFAs and acetic acid 
where increasing the sludge blanket depth leads to a greater concentration. However, the 
difference in butanoic acid produced between the sludge blanket depth groups is only 0.5 mg/L 
so the effect of changing the sludge blanket depth does not have as great of an effect for butanoic 
acid as it does for the other VFA species. Minimum and maximum values vary across the three 
sludge blanket depth groups with no apparent trend. 
 Figure 19 summarizes the impact of sludge blanket depth on the variation in VFA species 
by showing how the percent composition of total VFAs changes with sludge blanket depth. 
Average production values for each VFA species were used to create this figure. Acetic acid 
concentrations make up 76% to 82% of the total VFAs and the percentage of composition 
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acid made up 17% of the total VFA concentration, but as sludge blanket depth increased, the 
percent composition dropped to 12%. Butanoic acid makes up a consistent portion of the total 
VFAs across all sludge blanket depths at 6%. Overall, these findings support Hypothesis 1b in 
that acetic acid remained to be the dominant species of VFA created. However, changing the 
sludge blanket depths did create slight variations in the percentage of total VFAs made up of 
each VFA species.  
 
 
















































4.3.2 Net Production of VFAs by Species vs. Sludge blanket depth 
In a similar approach to the total VFA measurements, the production values for acetic 
acid, propionic acid, and butanoic acid were calculated. These production values remove any 
impact on effluent concentration that may be caused by influent conditions and it represents the 
amount of VFAs produced within the primary clarifiers. The average production of each VFA 
species and the range of production values for each VFA species are shown in box and whisker 
plots represented in Figure 20 to Figure 22. This data is adjusted for outliers that were present in 
the data sample set. 
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Figure 20 to Figure 22 show very similar trends to the primary effluent concentrations of 
acetic, propionic, and butanoic acids shown in Figure 16 to Figure 18. This confirms the results 
showing that acetic acid and butanoic acid concentrations are increased as the sludge blanket 
depth increases, while propionic acid concentrations are improved at lower sludge blanket 
depths. Figure 23 provides additional insight into the percentage of each VFA species produced 
at each primary clarifier depth. Again, the results are very similar to those shown for the primary 
clarifier effluent concentrations shown in Figure 19, however the acetic acid percentage drops 
slightly and the propionic and butanoic acid percentages are increased by 1 – 2%. These results 
indicate that the sludge blanket depth has the largest effect on the production of each VFA 
species, but that the influent conditions may have had a small impact on the effluent 










4.3.3 Speciation of VFAs Groups 1 and 2 
In a similar approach to evaluating the total VFA concentrations, the data collected on the 
concentrations of the three VFA species measured in the primary clarifier effluent were 
organized into two groups for the three ranges of sludge blanket depths. Comparing these groups 
helps to take out any impact of temperature and influent VFA concentrations on the effluent 
measurements as the influent conditions should be the same between both groups. Primary 








































depths within the groups were maintained as previously described. Table 10 summarizes the 
results between the clarifier groups for the three sludge blanket depths
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Table 10. Comparison of Group 1 and Group 2 Primary Clarifier Effluent Characteristics 
for VFA Species. 
 














Average Depth (m) 1.2 0.7 1.2 1.2 1.3 1.8 
Minimum 0.9 0.3 0.3 0.9 0.8 1.6 
Maximum 1.4 0.9 1.5 1.5 1.7 2.0 
Average AA 
Concentration (mg/L) 75.7 68.6 70.8 70.5 72.8 78.0 
Minimum  67.2 56.5 57.9 61.8 62.0 71.5 
Maximum 90.6 79.2 83.8 79.0 86.4 92.1 
Average AA 
Production (mg/L) 56.7 49.6 54.2 53.9 53.0 58.2 
Minimum 38.8 34.1 44.6 36.3 34.7 38.2 
Maximum 73.7 62.6 70.5 65.8 67.5 70.3 
Average PA 
Concentration (mg/L) 15.3 16.1 13.1 13.5 12.6 10.4 
Minimum  11.7 11.2 8.6 8.2 10.4 8.4 
Maximum 20.4 19.4 17.5 20.6 15.6 13.9 
Average PA 
Production (mg/L) 12.5 13.3 11.1 11.5 10.1 7.9 
Minimum 8.3 6.7 6.6 7.0 7.1 5.2 
Maximum 18.2 16.7 14.6 18.1 12.0 10.7 
Average BA 
Concentration (mg/L) 5.9 5.7 5.4 5.5 5.2 6.0 
Minimum  5.0 4.1 4.3 4.0 4.0 4.4 
Maximum 7.5 7.8 6.5 7.7 6.8 7.5 
Average BA 
Production (mg/L) 5.0 4.7 4.8 5.0 4.8 5.6 
Minimum 2.6 1.7 3.8 2.8 3.6 4.0 
Maximum 6.6 6.8 5.6 7.1 6.2 6.9 
Average Temperature 
(deg C) 21.2 22.2 23.4 24.7 33.1 33.9 
Minimum 14.4 13.8 16.9 16.3 29.6 29.0 
Maximum 33.2 38.3 30.7 33.9 39.3 43.9 
Average pH 6.80 6.84 6.84 6.92 7.12 7.14 
Minimum 6.60 6.64 6.63 6.61 6.87 6.90 
Maximum 7.20 7.10 7.30 7.30 7.50 7.60 
No. of Samples 13 13 16 16 9 9 
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 The results presented in Table 10 show different observational relationships between 
sludge blanket depths and VFA speciation measurements. These findings support and provide 
additional insight into trends previously discussed. Acetic acid concentrations and productions 
have a positive relationship with sludge blanket depth. As the sludge blanket depth is increased, 
acetic acid measurements also increase. Between the Groups 1 and 2 for each sludge blanket 
depth, the group with the higher average sludge blanket depth showed greater average 
concentrations and productions of acetic acid. Similarly, the group with the higher average 
sludge blanket depth also had greater minimum and maximum values for concentration and 
production. The 0.9 – 1.5 m sludge blanket depths in clarifier Groups 1 and 2 had very similar 
average acetic acid concentration and production values within 1 mg/L of each other. The 
clarifier groups had the same average sludge blanket depths, so having similar acetic acid values 
was anticipated. This comparison between Groups 1 and 2 within the 0.9 – 1.5 m group is 
consistent for propionic and butanoic acids as well. 
 
 Propionic acid measurements have an inverse relationship with sludge blanket depth. As 
the sludge blanket depth increases, the propionic acid measurements decrease. Between the 
clarifier groups for each sludge blanket depth, the lower sludge blanket depth clarifier group had 
a greater concentration and production of propionic acid. While the differences in propionic acid 
measurements are not as large as those seen for acetic acid, they are noticeable. The largest 
difference in propionic acid measurements occurred at the > 1.5 m sludge blanket depth group. 
Group 2 only had an average propionic acid concentration measurement of 10 mg/L, while the 
average concentrations measured for the other sludge blanket depth groups all had over 12 mg/L 
of propionic acid. The > 1.5 m Group 2 clarifier also showed a drop in average propionic acid 
production below 10 mg/L, while the other sludge blanket depth groups all had average 
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propionic acid production values above 10 mg/L. Minimum and maximum propionic 
concentrations and productions varied between both clarifier groups with not as clear of a trend 
as seen for acetic acid. However, the minimum and maximum values for the > 1.5 m sludge 
blanket depth in Group 2 were typically less than the other groups.  
Group 1 for the > 1.5 m sludge blanket depth had a similar average sludge blanket depth 
to some of the other groups falling within the 1.2 – 1.3 m range. With a similar range in sludge 
blanket depths, it is anticipated that the propionic acid concentration and production values 
should be similar. While the propionic acid measurements for the Group 1 > 1.5 m sludge 
blanket depth are not too far off from other similar depth groups, the concentration and 
production measurements are less. This may be possibly be due to the higher average 
temperature (about 10 degrees) compared to the other sludge blanket depth groups. To better 
understand the impact of temperature on propionic acid concentrations, additional work is 
needed.  
 Butanoic acid generally had a positive relationship with sludge blanket depth. As the 
sludge blanket depth increases, the butanoic acid concentration and production also increase. 
Differences in butanoic acid concentrations and production are much less than those seen for 
acetic acid and propionic acid. Between the clarifier groups, minimum butanoic acid 
concentrations and productions are seen in the lower average sludge blanket depth groups, while 
maximum values are typically seen in the higher average sludge blanket depth groups. 
 
4.3.4 Discussion on Impact of Primary Clarifier Sludge Blanket Depth on VFA Speciation 
The production of the various VFA species depends upon several factors including 
microbial community, temperature, and pH. To begin with, the influent wastewater consisted 
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predominantly of acetic acid (85 – 87%), followed by propionic acid (11 – 12%) and butanoic 
acid (2 – 3%). After the primary clarifier, acetic acid was still the dominant form of VFA 
present, however its percentage of total VFA dropped slightly as additional propionic and 
butanoic acids were created. As acetic acid was the most common VFA present, this indicates 
that the microbial community in the wastewater influent and in the primary clarifier favored the 
creation of acetic acid. Bacteria that are most commonly involved in the fermentation of acetic 
acid belong to the Acetobacteriaceae family and the Acetobacter, Gluconacetobacter, and 
Gluconobacter genera (Atasoy et al., 2018).   
Similarly, there are bacteria responsible for the fermentation of propionic and butanoic 
acids. The genus of bacteria largely responsible for the creation of propionic acid is 
Propionibacterium. Butanoic acid can be created by bacteria of many genera, however the most 
common bacterium used for creation of butanoic acid is Clostridium butyricum (Atasoy et al., 
2018). Based upon the results of this experiment, it is likely that the microbial community 
largely consisted of bacteria able to produce acetic acid, while bacteria that produce propionic 
and butanoic acids were present in smaller amounts. However, no microbial sampling was 
conducted as part of this work, so it is recommended that future work look into identifying the 
microbial species present. 
 As discussed previously, temperature can impact the hydrolysis and microorganism 
growth rates where higher temperatures lead to greater VFA production. However, temperature 
can also affect the species of VFAs created. Jiang et al. (2013) found that under thermophilic 
conditions (55 degrees Celsius), the main VFA product generated during fermentation was 
butyrate. Under mesophilic conditions (35 degrees Celsius), acetate and propionate were the 
main VFA species created. In this study, temperature was not controlled and was the result of 
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environmental conditions leading to a temperature range from 14 to 44 degrees Celsius. It is 
likely that temperature may have played a role in the dominance of acetic and propionic acids in 
these conditions. If the temperature was increased to thermophilic conditions, a shift in VFA 
speciation may occur as reported by Jiang et al. (2013), but additional testing would need to be 
completed to determine this. 
 The role of pH on VFA production was also discussed previously and presented varied 
results. Pittmann and Steinmetz (2013) looked further into the effects of pH on VFA speciation. 
Their results indicate that acetic acid is the more prevalent VFA species at a pH of 6, however as 
the pH is increased to 7, propionic acid becomes the primary species of VFA created. Then as 
pH is further increased to 8 and then 10, acetic acid becomes the dominant species of VFA 
present. The pH within the current study remained neutral with minimum and maximum values 
ranging between 6.6 and 7.6 for the duration of the study. Average pH values for the three sludge 
blanket depth groups ranged from 6.9 to 7.1. With such little variation in pH, it is difficult to 
determine if these small changes in pH had any impact on the speciation of VFAs reported. To 





Chapter 5: Conclusion 
 VFAs are an important carbon resource for nutrient removal at WWTPs. The ability to 
produce VFAs onsite using an existing process offers an economical advantage over purchasing 
the required chemicals to enhance nutrient removal. The two hypotheses for this study were: 
 Hypothesis 1a: Increasing the primary clarifier sludge blanket depth will yield a higher 
total concentration and production of VFAs compared to the VFA concentrations and 
productions achieved under normal operating conditions. 
 Hypothesis 1b: The sludge blanket depth will not change the speciation of VFAs. Acetic 
acid will continue to be the dominant form of VFA produced in the primary clarifiers. 
This study confirmed that VFAs can be effectively generated within primary clarifiers 
and that modifying the primary clarifier sludge blanket depth (i.e. varying the SRT) can impact 
the amount of VFAs produced. The key findings from this study are presented below. 
 As the sludge blanket depth increases from < 0.9 m to > 1.5 m, total VFA concentrations 
and production increase. This finding is in agreement with Hypothesis 1a. 
 Acetic acid is the most common species of VFA present across all primary clarifier 
sludge blanket depths tested. The acetic acid percentage of the total VFA concentration 
increases with increasing sludge blanket depth. This finding is in agreement with 
Hypothesis 1b. 
Other Results and Observations 
 The VFA/TP ratio is greater than 5 – 10 for all sludge blanket depths tested, indicating 
that there are sufficient VFAs generated for phosphorus removal. 
 As the sludge blanket depth increases from < 0.9 m to > 1.5 m, acetic acid concentrations 
and production increase. 
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 As the sludge blanket depth increases from < 0.9 m to > 1.5 m, propionic acid 
concentrations and production decrease. 
 As the sludge blanket depth increases from < 0.9 m to > 1.5 m, butanoic acid 
concentrations and production increase. 
 As the sludge blanket depth increases from < 0.9 m to > 1.5 m, TSS, VSS, and COD 
primary clarifier effluent concentrations increase. 
 As the sludge blanket depth increases from < 0.9 m to > 1.5 m, the sCOD concentration 
decreases. 
Although the study provided insight into the effects of primary clarifier sludge blanket 
depth on VFA production and speciation, additional questions were raised on other factors that 
may have impacted the results. It is recommended for additional work to be conducted on the 
following topics: 
 This study was conducted over a range of temperatures from summer to winter 
conditions, however each sludge blanket depth group was conducted in a different 
season. Results allude to the idea that warmer temperatures led to greater total VFA 
concentrations. Additional work is needed to isolate the impacts of temperature and 
primary clarifier sludge blanket depth to determine the true effects of temperature on total 
VFA concentrations and VFA speciation. 
 This study was conducted within a range of neutral pH values. To better understand the 
effects of pH on total VFA concentration and VFA speciation, additional work is needed. 
 The sCOD values in the primary clarifier effluent of this study showed an inverse 
relationship with sludge blanket depth. This trend is counterintuitive and requires 
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additional investigation to determine why this occurred and if it had anything to do with 
the sludge entering the methanogenic phase of fermentation. 
 Microbial sampling was not completed as part of this work. An additional study should 
evaluate the microbial species present within the primary clarifier and if the species 
change as sludge blanket depths are adjusted. 
 Results from this study are specific to one WWTP in southern Nevada. It is 
recommended for other WWTPs to run their own evaluations to determine if the results 
achieved are similar to those presented in this study. 
The outcomes from this study can be used by the WWTP to optimize their VFA 
production. While total VFA concentrations can be increased when operating the primary 
clarifiers at a higher depth, the impacts of performance should be considered. Potential 
performance impacts include: 
 Higher sludge blanket depths within the clarifiers reduce the available volume of flow the 
clarifiers can take, thus reducing treatment capacity. If sufficient capacity is still available 
while running high sludge blanket depths, this should not be a problem. However, if the 
higher sludge blanket depths reduce capacity below what is needed, the sludge blanket 
depths should be kept at lower levels.  
 Higher sludge blanket depths can also cause maintenance issues if the clarifier 
mechanisms cannot handle the amount of sludge. If the clarifier mechanism or other 
pieces of equipment are having trouble operating as intended at the higher sludge 
blankets, the sludge blankets should be decreased. 
 Primary clarifier treatment performance is also impacted when the clarifiers are operated 
with higher sludge blanket depths. As the sludge blanket depths increase, the effluent 
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exiting the primary clarifiers show higher concentrations of TSS, VSS, and COD. While 
this study showed that the primary clarifiers operated within the typical performance 
range reported in literature, higher TSS, VSS, and COD concentrations may impact 
downstream treatment processes. Before operating the primary clarifiers at higher sludge 
blanket depths, water quality should be reviewed to make sure all treatment requirements 
can be met.  
While the results from this study show greater VFA concentrations can be produced at 
higher primary clarifier sludge blanket depths, the question becomes whether the treatment 
process requires the additional VFAs for nutrient removal. The difference in average total VFA 
concentrations measured between the < 0.9 m and > 1.5 m sludge blanket depth groups is only 7 
mg/L. Additionally, the VFA/TP ratio only increases by 1.2 when the sludge blanket depth is 
increased from the < 0.9 m range to the > 1.5 m range. All sludge blanket depths exceed the 
required 5 – 10 VFA/TP ratio, indicating that the VFA concentration is able to support the level 
of phosphorus removal required.  
For this WWTP, it does not appear that higher sludge blanket depths are required to 
produce the VFAs needed for phosphorus removal. The lower sludge blanket depths produce 
enough VFAs to support the secondary treatment nutrient removal process. When the primary 
clarifiers are operated at a lower sludge blanket depth, there is more variety in the VFAs 
produced which is useful to prevent competition of GAOs. Operating the clarifiers at a lower 
sludge blanket depth also removes negative operational impacts such as an increase in the TSS, 
VSS, and COD concentrations seen in the primary clarifier effluent and any challenges the 
higher sludge blanket depths may pose to the clarifier mechanisms. Although operating higher 
sludge blankets for VFA production are not needed at this WWTP, this approach may be useful 
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at other WWTPs that have primary clarifiers in their process but are struggling to produce 
enough VFAs for their nutrient removal processes. 
Producing VFAs within primary clarifier sludge blankets also provides cost benefits to 
WWTPs. If VFAs were not produced in the primary clarifiers and instead supplemental carbon 
addition was required for phosphorus removal, this WWTP would spend millions of dollars 
annually to purchase external carbon sources. Depending on the optimum VFA/TP ratio and 
assuming a cost of $1.06 per liter ($4.00 per gallon) for acetic acid, the annual cost for an 
external carbon source could range from $3.5 million to $10 million for this WWTP. To achieve 
the literature best practice VFA/TP ratio of 10, the annual cost would be $3.5 million. To achieve 
a VFA/TP ratio of 20, which is what is typically produced at this WWTP, the annual chemical 
cost would be $10 million. At the WWTP where this study took place, VFA production within 
primary clarifiers not only helps achieve phosphorus removal to meet regulatory limits, but saves 
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